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ABSTRACT
Spatially representative sampling of both natural and anthropogenic deposits in the
environment is limited by their inherent heterogenic distribution. This problem is
compounded when trying to relate ground measurements which are spatially restricted
to remote sensing observations which are not. This work examined these widely
experienced problems in the context of the measurement of natural (K, U and Th) and
anthropogenic ( 137Cs and ' 34Cs) radioactivity through the three techniques of soil
sampling with laboratory based gamma ray spectrometry, in-situ gamma ray
spectrometry, and airborne gamma ray spectrometry.
These three methods were applied systematically to estimate the radioactivity across
a tight geometry valley in Renfrewshire. Activity estimates from field based and
airborne gamma spectrometry were compared with each other and with the results of
high resolution gamma spectrometry of soil samples to examine the relationship
between each method under variable topographic conditions. These results
demonstrated that the distribution, and post depositional migration, of activity had
important influences on all measurement techniques, and affected the ability to make
comparisons between them.
Further detailed studies were then conducted to examine these influences. The effects
of variations in soil composition and characteristics on environmental gamma ray
spectrometry were evaluated by calculation and experimental determination.
Corrections to standard laboratory gamma spectrometric procedures were developed
to improve systematic precisio:i. These investigations also reviewed soil sampling
depth for direct effective comparison with in-situ gamma spectrometry.
The effects of small scale sampling errors on activity estimates were demonstrated to
have a quantifiable influence on the precision of activity estimation. Lateral variability
of activity distribution of natural radioactivity and anthropogenic radioactivity
deposited both from the atmosphere and from marine sources has been studied in
detail at a number of sites. The extent of variability depends on the nature of activity,
its deposition mode and local environmental characteristics. Spatial variability
represents an important constraint on the interpretation of activity estimates derived
from all methods examined, and on comparisons between them. Statistically
representative sampling plans were developed and applied to enable spatial
comparisons to be made between soil sample derived activity estimates and in-situ and
remotely sensed observations.
The influence of the vertical activity distribution on in-situ and airborne measurements
has been recognised as an important variable affecting calibration. The use of the
information from the scattered gamma ray spectrum to quantify and correct for source
burial effects was examined in a series of modelling experiments. A relationship
between 'Cs source burial and forward scattering was determined and subsequently
applied to a salt marsh environment which showed pronounced subsurface maxima.
A spectrally derived calibration correction coefficient was shown to account for
variations in source burial across a single site. This provides a potential means for
surmounting one of the principal limitations of in-situ gamma spectrometry.
As a result of this work it has been possible to account for important environmental
factors which affect gamma ray spectrometry in the laboratory, in the field and from
aircraft. This has led to the development of sound methodology for comparison
between sampling, field based and remote sensing techniques.
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1. INTRODUCTION
"It is only the half-truths that are dangerous!"
George Bernard Shaw
1.1 RESEARCH IN CONTEXT
Reliable estimates and representative surveys of environmental quantities which have
inherently heterogenic distributions have remained a well established problem for earth
and environmental scientists. To obtain spatial representations of environmental
quantities requires a costly and time consuming collection and examintaion of a large
number of samples. Remote sensing techniques have, to a large extent, overcome these
problems with their ability to map spatial distributions of environmental entities.
However, interpretation of remote sensing data requires comparison with ground based
information. A related problem then arises in comparing environmental measurements
derived from spatially restricted samples, with direct field observations with extended
spatial characteristics such as those derived from remote sensing techniques. This work
examines these widely experienced problems in the context of the measurement of both
anthropogenic ( 137Cs and 134Cs) and natural (K, U and Th) radionuclides.
It is important that measurements made of environmental radioactivity are representative
not only in terms of absolute quantity, but also have meaning in terms of their relation
to the underlying lateral and vertical spatial distributions of the activity. Traditional
techniques for measuring environmental radioactivity have relied upon either passive
methods of measurement or more interactive techniques of measuring activity through
sampling. This work investigates the measurement of environmental radioactivity
through the following three techniques:
i) Soil sampling with accurate laboratory based gamma ray spectrometry.
ii) In-situ gamma ray spectrometry.
iii) Airborne gamma ray spectrometry.
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Providing each of these techniques has been appropriately applied, reliable estimates of
environmental radioactivity can be made. However, the results may be open to
misinterpretation if environmental controls, which can influence each determination, are
not considered.
Each of these three different techniques of environmental radioactivity monitoring and
measurement has attractions and limitations. Soil sample analysis is required to
determine chemical speciation, behaviour and distribution of radionuclides within the
soil profile determined. However, the representability of the sample may be in doubt
and multiple soil core analysis is often not economically viable for spatial mapping. In-
situ and aerial measurements of environmental radioactivity have the advantage of
spatially averaging activity within the detectors' field of view and providing estimates
of environmental radioactivity very rapidly. Remote sensing through aerial gamma ray
spectrometry also has the additional advantage of providing surveys in inaccessible
locations and in near real time. However, these passive techniques have the
disadvantage of losing source depth profi l e information within the soil column which
can in turn make their interpretation more difficult.
1.2 HISTORICAL APPROACH TO THE MEASUREMENT OF
ENVIRONMENTAL RADIOACTIVITY
Pedological investigations have demonstrated that spatial variability is a major factor
in explaining the observed variability in field or laboratory based estimates of soil
constituents. The study of variability has received considerable attention by soil
scientists (e.g. Wilding and Drees 1983, Burgess and Webster 1980, Webster and
Burgess 1980, McBratney and Webster 1986).
Radioactive pollution as a result of fallout and marine dissipation and deposition,
coupled with the soil's own natural variability in pH, clay and organic content observed
by pedologists, can lead to highly heterogenic depositional patterns. As a result, "ad-
hoc" or randomly sampled measurements made in response to environmental accidents
(e.g. Cambray et al 1987) can lead to misrepresentations of the spatial distribution of
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activity. It is, therefore, not surprising that discrepancies are observed between
different data sets derived from regional soil sampling such as in Scotland (e.g. Miller
et al 1989, Baxter et al 1989) particularly when coupled with contoured surfaces.
These problems have been observed in regional random and stratified sampling studies
(Hord11 et al 1988, Horrill and Lindley 1989). Other statistical studies of spatial
variability have been undertaken in the USSR (Drichko et al 1977, Drichko and
Lisachenko 1984), Canada (Sutherland and De Jong 1990) and USA (Sully et al 1987),
with more detailed small scale and regional studies undertaken by the Nevada Applied
Ecology Group (e.g. Fowler et al 1974, Gilbert et al 1974, Barnes 1978, Barnes et al
1980). Few examples exist where spatial variability and sample representability have
been studied on a small scale in the UK (e.g. Parkinson and Horrill 1984).
One approach to overcoming sampling error and the problems introduced by spatial
variability is to make many rapid in-situ measurements which spatially average the
activity distribution. The calibration of in-situ methods for measuring environmental
radioactivity introduces a new set of problems. Historically, in-situ gamma
spectroscopy systems used for geological exploration relied upon calibrations or
sensitivity estimates determined from fixed concrete calibration facilities, typically
enriched with 4°K, equilibrated U and Th. For aerial survey calibration, these
calibrated in-situ detectors are used to quantify calibration areas typically 1 km by 3 km
(IAEA 1976, 1979, 1991, Alexander and Kosanke 1978, I4vborg et al 1978a). The
calibrations were quantified in terms of activity per unit dry weight or as concentration
as determined directly from the concrete calibration pads. Comparisons of aerial survey
and in-situ gamma spectroscopic measurements with associated soil or sediment samples
analysed in the laboratory were often found to be less favourable than comparisons
between ground based in-situ measurements and aerial gamma spectroscopy
measurements (Darnley 1984, Lybvborg et al 1978a, IAEA 1976). This was attributed
to changes in the environmental conditions between soil overburden and soil type, water
concentrations and density, and problems associated with uranium series disequilibrium
in the field and within the sample collected and analysed in the laboratory (Alexander
and Kosanke 1978). Even in the mapping of a region of exposed rock outcrop with a
collimated in-situ NaI(T1) detector, Lyiwborg et al (1971) observed difficulties in relying
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on a calibration derived from rock samples collected with each in-situ measurement.
This was due to the heterogeneity of U and Th and their daughters in the rock, and as
a result LOvborg relied upon calibrations derived from concrete calibration pads.
Thus, because of these perceived difficulties, geological applications using field and
aerial based gamma ray spectroscopy rely on calibrations determined from concrete
calibration pads. Comparisons made by Lcbvborg (1982) between five international
calibration facilities provided good traceability between similarly calibrated detection
systems for K and Th with a 2 % accuracy, whilst U calibrations were comistant
between 4 and 6 %. However, the comparison between laboratory determined soil
concentrations and in-situ determinations remains problematic.
With the growth of the nuclear industry and the subsequent dispersal into the
environment of anthropogenic radionuclides through weapons testing, licensed
discharges and nuclear accidents, these former geophysical techniques were used to
monitor gamma emitting anthropogenic radionuclides in the environment. These
techniques have been applied to the detection of point sources (Grasty et al 1978,
Grasty 1980 and Bristow 1978) as well as to the mapping of environmental radioactivity
(Williams et al 1957 and Chamberlain et al 1961, Mellander 1989). Given this new
environmental application, the problem of relating in-situ and aerial based gamma
spectrometric measurements of environmental radioactivity with soil sample derived
estimates reappeared. Calibrations of these instruments based on soil samples proved
difficult due to lateral and vertical spatial variability of radionuclide distributions.
The typical solution adopted to determine detector calibrations for anthropogenic
radionuclides, principally 'Cs, was to analytically derive solutions through photon
fluence equations. Such equations, initially used for uniform geological sources (e.g.
Duval et al 1971), were modified to account for assumed negative exponential depth
distributions of radionuclides in soil (Beck et al 1972, 1978, Grasty et al 1979, ICRU
1993, Allyson 1994). The photon fluence equation derived by Beck et al (1972) has
since been extensively applied (e.g. Dickson et al 1976, Jacob and Paretzke 1986,
Helfer and Miller 1988, Sowa et al 1989, Jacob et al 1993). However, the assumption
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of a constant negative exponential profile can lead to under or overestimation of
radionuclide concentrations, and with time the exponential profile assumption will fail.
Thus the problem remains of relating in-situ and aerial gamma spectroscopic
measurements of both natural and anthropogenic radionuclides with soil sample derived
estimates. Although some of the environmental influences on in-situ and detector
response characteristics have been discussed by Kogan et al 1971 and IAEA 1976, and
quantified through modelling (e.g. Beck et al 1972, Beck 1978, Saito and Moriurchi
1985 and Allyson 1994), little until now has been done through experimental work.
Ultimate use of in-situ and aerial based gamma spectroscopy systems relies on the
interpretability of the results and this may be best achieved when measurements of
environmental radioactivity through different techniques are in agreement. Thus
empirical methods of calibration through experimental comparisons with soil sampling
techniques provide an effective approach. Similarly, use and interpretation of soil
sampling techniques can be best achieved when represented in a spatial context.
1.3 THESIS AIMS AND CONTRIBUTIONS
This thesis examines some environmental factors which must be considered and
accounted for to improve the reliability of activity estimates derived from soil sample
analysis, in-situ and aerial gamma spectrometry and investigates the relationship
between the techniques. Experimental comparisons are therefore made between these
three techniques throughout this work under conditions which attempt to isolate the
environmental factors of interest.
Chapter 2 discusses the natural (K, U and Th) and anthropogenic (137Cs and 134Cs)
radionuclides which due to their abundance, environmental characteristics,
environmental implications and their gamma photon yield are of particular interest to
this study. It also reviews the environmental controls and their effect on the distribution
of these radionuclides in the environment. Chapter 3 discusses the principal methods
and techniques of measuring environmental radioactivity through soil sampling followed
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by laboratory based gamma spectroscopy. A discussion on in-situ and airborne based
detector and system formats along with their characteristic fields of view and spectral
behaviour is also given.
The thesis objective is realised through the remaining chapters. Chapter 4 undertakes
a case-study to compare the conventional techniques of monitoring environmental
radioactivity (including aerial and in-situ gamma spectroscopy and soil sampling
followed by laboratory based gamma spectroscopy) with a view to identifying the major
factors which influence the relationships between these three techniques across a valley.
These techniques were applied systematically to a detailed examination of a narrow "V"
shaped valley in Renfrewshire. Soil samples and in-situ gamma ray spectra were
collected on a 200 m sampling grid across the valley. Airborne gamma ray spectra
were collected using a large NaI(T1) detector operated from a helicopter. This
investigation highlighted several factors requiring further detailed study. In particular,
spatial variability of anthropogenic radionuclides was controlled by depositional and
redistributional mechanisms providing a significant influence on the estimations of
radioactivity across the valley on all three measurement techniques. Examination of the
results led to further detailed experimental investigations isolating, quantifying and
accounting for these environmental influences. These are discussed in the following
chapters.
The observed changes in density and soil type characteristics required an investigation
into their potential influence on environmental gamma ray spectrometry. Chapter 5
calculates and measures the effect of changes in soil chemical composition and thus Z6
on the linear and mass attenuation coefficients of soils and their energy dependency.
The results are reviewed in the context of laboratory based gamma spectroscopy and
soil sampling depth required for effective comparison with in-situ based gamma
spectroscopy. These factors are quantified and methods are demonstrated for laboratory
based gamma spectrometry which enable systematic corrections to be made for sample
self absorption making significant improvements to experimental precision. The
calibration of laboratory based detectors is important as these provide the fundamental
internationally traceable results (International Atomic Energy Agency, IAEA, and
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National Bureau of Standards, IVBS) which form the basis for in-situ and aerial survey
detector sensitivity estimates.
The influence of soil sampling error in contrasting sites is then investigated in chapter
6, and its influence on the precision of conventional laboratory based estimates of
natural and anthropogenic radionuclide concentrations discussed. Chapter 6 goes on to
investigate in detail lateral variability of both natural radioactivity and anthropogenic
radioactivity from both atmospheric (weapons testing and Chemobyl fallout) and marine
derived sources. Spatially representative sampling plans are developed to enable
effective comparisons between soil samples and the fields of view of in-situ and
airborne remote sensing techniques to quantify and characterise spatial variability. The
sampling plan developed also provides the ability to spatially correct the height
correction coefficients.
Having investigated and provided a solution to the problems of matching soil sampling
strategies with in-situ and aerial based gamma spectrometric measurements in chapter
6, chapter 7 investigates source burial through different soil types, densities and modes
of radionuclide deposition. Source-soil profile shapes are measured and characterised
for the different depositional environments and quantified in terms of mass depth (g cm
2). In addition, air path length and its influences on photon fluence are measured from
detector response characteristics with laboratory based modelling experiments.
Following Zombori et als' (1992) observations of forward scattering with point source
burial under water, the spectral response characteristics are modelled experimentally.
The scattered gamma spectral characteristics are measured in response to burial of an
extended layered ' 37Cs source under perspex sheets. This enabled source burial to be
determined and quantified from spectral information and thus provided a spectrally
derived calibration correction coefficient. Following further experimental observations
to verify full spectral stripping on concrete calibration pads, a spectrally derived
calibration correction coefficient is used to account for source burial in salt marsh
environments and provide corrected activity estimates (Bq m-2). This is the first
practical example of a spectrally derived calibration correction coefficient, providing
a technique for the correction of systematic changes in source burial. This potentially
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provides a technique for surmounting the traditional handicap of in-situ gamma ray
spectrometry.
The main conclusions from this thesis and the contributions it makes to the field of
measuring environmental radioactivity are discussed in chapter 8.
1.4 SUMMARY
The environmental factors which control the spatial lateral and vertical distribution of
radioactivity in soils have considerable influence on the estimation of environmental
radioactivity through soil sampling and laboratory analysis, in-situ and aerial based
gamma spectroscopy. These factors are rarely accounted for in environmental
radioactivity studies and are crucial when direct comparisons are to be made between
soil sampling, in-situ and aerial survey techniques.
Having made experimental comparisons between soil sample derived estimates of
environmental radioactivity and in-situ and aerial determinations and the discrepancies
in doing so, this thesis presents feasible solutions to reducing these difficulties and
determines calibrations and calibration corrections which are readily interpretable in
terms of source burial characteristics. In this way corrected comparisons may be made
between in-situ, aerial and laboratory based gamma spectrometric estimates of
environmental radioactivity with increased reliability. Objective radioactive
environmental impact assessment is reliant upon reliable and representative estimates
of activity, requiring the spatial vertical and lateral extent to be measured. This is best
achieved by the combined use of soil sampling techniques with laboratory based gamma
spectrometric analysis, in-situ gamma spectrometry and airborne gamma spectrometry.
However, in doing so, these techniques must be used in a mutually compatible manner.
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2. THE ORIGIN AND DISTRIBUTION OF GAMMA EMITTING
RADIONUCLIDES
2.1 INTRODUCTION
This chapter discusses the main radionuclides of interest, their origin and the
environmental controls which affect their distribution in the environment, such as
depositional mechanisms and assimilation into soils. These environmental controls lead
to factors which can influence radioactivity estimation through soil sampling with
laboratory based gamma analysis, in-situ and aerial gamma ray spectrometry.
2.2 THE SOURCES OF RADIONUCLIDES AND RADIATION
2.2.1 Primordial Radioactivity and Natural Sources of Radionuclides
Of the primordial radionuclides, 'DK, 238U and 232Th are of importance due to their
abundance and relative ease of detection and measurement through their daughter
products and their characteristic gamma photon emission (table 2.1). The different
geochemical and geophysical behaviour of these three radionuclides and their decay
series makes them useful for characterising geological formations.
Primordial radionuclides are those which appeared at the time of the formation of the
Earth. As the Earth is about 4.7x10 9 years old, radionuclides with a half life of 108
years or greater will still be present in measurable quantities. There are four
transuranic decay series which are genetically independent, the thorium, uranium,
neptunium and actinium series. The transuranium elements with Z> 92, for example
neptunium (239Np and 239Pu), are too unstable to be found in great quantities today.
However, they are found in small quantities via natural nuclear reactors such as the
Oklo natural fission reactor through fission bombardment of 235U (Myres and Lindner
1973, Durrance 1986).
The neptunium decay series no longer exists in nature and the actinium series having
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its longest lived member 235U (7.13x108 years) is in very low abundance relative to 238u.
The neptunium and actinium series are not considered further here.
In the thorium series, the longest lived member is 232Th with a half life of 1.39x101°
years permitting it to occur naturally. Geophysical evidence suggests that 236U and even
240pn w ree present when the Universe was young of which 232Th is now a decay
product. 236U is no longer present due to its short half life of 2.4x10 7
 years (Ivanovich
and Harmon, 1982). 232Th has a very long half life and decays via a particle emission
to 228Ra. The decay of 228Ra is via B emission and is rather weak and difficult to
detect, being obscured by its daughter 228Ac. 228Ac decays rapidly (1 1 ,2 = 6.13 hrs) via
a number of electrons and associated rays to 228Th. 228Th is also a decay product
through a decay of 232U and electron capture of 22813a (Ivanovich and Harmon, 1982,
Lederer and Shirley, 1979). The remaining members of the decay series are all short
lived decaying via a particle decay to 212Pb which is the longest lived member of the
remaining decay series with a half life of 10.64 hours. 212Pb decays via B emission to
212Bi of which 33.7 % decays to 29811 via a particle emission and 66.3 % decays to
212Po via B emission. Both 208T1 and 212Po decay to the stable end product of the 4n
decay series of 208Pb. Further details of this series can be found in Lederer and Shirley
(1979), whilst the principle gamma photon energies are shown in table 2.1.
The Uranium series is the longest known series, starting with 238U, and passing twice
through Z=92 via an a and B decay sequence. 238U has a long half life of 4.47x109
years which permits it to exist naturally today and its abundance is 99.27 %. 238U emits
a particles only. B emission is introduced by the immediate daughters of 234Th and
234Pa. 98% of the 23413a decays directly to the ground state of 234U, whilst the isomer
of 234Pa exhibits a complex B, and conversion electron spectrum. A series of four a
emissions follows through 23°Th, 226Ra, 222 n and 218Po. The next series of decays
occurs via a mixture of a and B decays and predominates through 214pb, 214Bi, 214p0,
210Po and 21011 and rapidly reach equilibrium wi th 222Rn. The series decays through 2
B's and a particle emission to 20613b. The principal gamma photon energies for the U
decay series are shown in table 2.1.
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Table 2.1 Primordial radionuclides and gamma rays of interest.
Radionuclide/
daughter product
4°K
238u	 234Th
226Ra
214pb
214Bi
210pb
232Th 	228AC
212pb
212B1
208T1 33.6%
210p0
Half
Life
1.26 x109 yr
24.1 d
1620 yr
26.8 min
19.9 min
22.3 yr
6.13 hr
10.64 hr
1.009 hr
3.053 m
22.3 yr
Gamma Ray
Energy KeV
1460.83
63.28
188
241.9
295.1
351.9
609.31
768.35
934.04
1120.3
1238.1
1377.7
1408.0
1509.2
1764.5
1847.4
46.52
105.36
129.03
209.39
270.26
328.07
338.42
463.1
581.52
794.79
911.6
968.97
1588.23
238.57
300.03
727.25
277.28
510.606
583.022
860.3
2614.35
46.52
Gamma
Yield > 2%
10.67
3.8
4
7.46
19.2
37.1
46.1
4.9
3.16
15
5.92
4.02
2.48
2.19
15.9
2.12
4.05
2
2.9
4.1
3.8
3.5
12.4
4.6
<3
4.6
29
17.4
3.6
43.6
3.34
6.65
6.8
21.6
86
12
99.79
4.05
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Of all the other long lived primordial radionuclides occurring in nature, 4°K is the only
one which exists in abundance and is readily detectable through its gamma emissions.
11% of 4°K decays to 'Ai- via B + and a 1.46 MeV ray emission and 89% decays to
4°Ca via 13 - decay (Lederer and Shirley 1979).
Other contributions to the natural radioactive background are from cosmic rays.
Cosmic rays are of importance to this study as they form part of the natural background
to both laboratory based, in-situ and aerial gamma spectroscopy. They are high energy
charged particles of which 87% are protons, 12% are a particles and 1% are heavier
nuclei typically Li, Be, B, C, 0 and F (Durrance 1986) which rain down upon the earth
and originate from the stars. Their energies typically vary from a few MeV to 1014
MeV. The lower energy or softer components typically ionise the atmosphere and are
stopped, whilst the others (primaries) undergo collisions with the nuclei of atmospheric
gases and produce new subatomic particles (secondaries) via spallation.
2.2.2 Fission and the Production of Anthropogenic Radionuclides
This section addresses the use of uranium and plutonium in the nuclear fuel and nuclear
weapons cycle and the additional sources of radionuclides they create.
Nuclear Fuel Cycle
The nuclear fuel cycle involves mining of uranium ore, milling to economically
transportable sizes, chemical conversion and purification, enrichment of 235U to 3 % for
fuel fabrication for reactor operation and over 90 % for weapons manufacturing.
Following use in the reactor, the fuel elements must be stored to allow decay of short
lived fission fragments and then either disposed of or reprocessed to separate unused
fissile material from waste products. Due to the lack of abundance of 2351J, it is thought
to be economically advantageous to reclaim unused 235U and 239Pu which is fissile and
is formed in the reactor from neutron capture of 238U, where 238U ± n	 239U -›13--).
239Np ,B_> 2391)u• An alternative addition to the cycle is through natural thorium to
produce fissile 233U, through the reaction sequence 232Th + n 233Th -4'13- 233Pa -›13-).
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233U. The production of 239Pu and 223U is termed "breeding".
235U and 239Pu are principally used in nuclear reactors due to their high fission
probability. The addition of a neutron to 235U produces 236U, which is unstable and
tends to split the nucleus into two fragments of roughly equal mass, as well as releasing
a large amount of energy (approximately 200 MeV per fission) and two or three
neutrons. The decay energy is absorbed within the reactor vessel as heat which is used
to turn turbines for electricity generation through steam. This nuclear chain reaction
is controlled in a nuclear reactor, as the speed with which this chain reaction takes place
is dependent upon the density and geometry of the fissile material and the presence of
materials which will slow or moderate the neutrons or capture them. This is typically
carried out by neutron absorbing rods which can be lowered into the reactor core. At
concentrations of 3 % 235U, many of the neutrons are captured by 238U which
subsequently forms 239Pu.
Table 2.2 Fission Products of Potential Biological Importance
Radio- Fission Important
nuclide yield (%) Radiation Half-Life element analogues
3H 0.01 B 12 year H
851(1. 0.29 B, 7 10 year
89Sr 4.79 B 51 year Ca
90Sr 5.77 B 28 year Ca
91y 5.4 B, 7 58 day
95Zr 6.2 B, 7 65 day
1 °3Ru 3.0 B, y 40 day
1 °6Ru 0.38 B, 'y 1.0 year
1291 0.9 B, 7 1.7x107 year I
1311 3.1 B, 7 8.1 day I
l37cs 6.15 B, -y 30.2 year K
1"Ce 6.0 13, y 285 day
14°Ba 6.32 B, -y 12.8 day Ca
143Ce 5.7 B, y 33 hr
The vast majority of the fission fragments range in mass number from 72 to 158 and
include some two hundred radionuclides of 34 different elements. The most probable
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fission fragments will have mass ranges between 90 to 106 and 134 to 144. A small
fraction of fissions are ternary and produce light nuclei, including 3H. Table 2.2 shows
some of the more biologically important fission products.
Table 2.3 Some Neutron Activation Products of Biological Significance in Nuclear
Reactors.
Important
Radionuclide	 Radiation	 Half-Life	 Elemental Analogues
3H	 13	 12.3 year	 H
14c	 13	 5568 year	 C
24N	 B, -y	 15 hr	 Na
32p	 B	 14 day	 P
"S	 B	 87 day	 S
41 Ar	 B, -y	 110 min
45Ca	 13	 164 day	 Ca
54mu	 7	 291 day	 Mn
"Fe	 X (EC)	 2.6 year	 Fe
59Fe	 13, -y	 45 day	 Fe
57Co	 y	 270 day	 Co
"Co
	 13+, I	 71 day	 Co
'Co	 13, -y	 5.2 year	 Co
65Zn	 13+, 7	 245 day	 Zn
134Cs	 B, 7	 2.1 year	 K
239pu
a, 7	 24,360 year
239Np	 13, y	 2.3 day
241Am
a, -y	 470 year
242cm
Ce, 7	 163 day
EC: electron capture
Radionuclides produced in the reactor are termed anthropogenic or man made. These
not only include fission products but also neutron activation products which include
elements as light as tritium to as heavy as plutonium, americium and curium. Neutron
activation occurs with non fissile nuclei. The quantity and type of activation products
produced are governed by the neutron flux, the range of elements within the fuel, the
coolant and the structural parts of the reactor within range of the neutrons. Table 2.3
illustrates some of the biologically significant activation products.
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The gradual build up of fission products in the reactor core limits the extent of bum-up
that is practical and damages the fuel structure (Billington 1959). Many of the fission
products have fairly high neutron capture cross sections and poison the core by
absorbing the neutrons' productivity. Thus the fuel rods are removed after about 75
% of the 235U has been consumed. After 3 to 6 months storage the fuel is then sent to
reprocessing plants to recover 235U and 239Pu (Eichholz 1977).
In addition to the disposal of waste, some of the reactor core inventory does escape due
to the inevitable impossibility of maintaining perfect integrity with fuel elements, pipes,
fuel cladding and many other solid barriers during the nuclear fuel cycle. The
significant fission products, activation products and transuranium products are listed in
tables 2.2 and 2.3.
Nuclear Weapons
Nuclear explosions differ according to the type of reaction; nuclear fission, nuclear
fusion or a combination of the two. In a nuclear fission weapon (atom or nuclear
bomb), much higher concentrations of 235U or 239PU are required to create a critical
mass. Thus when two subcritical masses are forced together with the appropriate
geometry and length of time with a lack of neutron absorbing material, the chain
reaction can be explosive. A nuclear explosion equivalent to 1000 ton of TNT would
require 56 g of fissile U or Pu. These devices produce a large quantity of fission
products and are termed the dirty bomb. Nuclear fusion and the thermonuclear bombs
(H bomb) produce less radioactivity. Fusion reactions involve the coalescence of light
nuclei forming heavier nuclei. They are termed thermonuclear because they operate at
temperatures of several million degrees. Thus to achieve these temperatures, a fission
explosion or detonation is required. A large number of neutrons are released upon
detonation from the fission and fusion reactions, resulting in activation of the
surrounding materials, as well as the generation of fission products. The effects of
thermonuclear bombs are, therefore, "cleaner" than nuclear bombs (Hunt 1980,
Whicker and Schultz 1982, Kogan et al 1971).
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In a nuclear explosion, tremendous quantities of heat are produced within a small
fraction of a second. The fission fragments, structural fragments of the bomb and the
immediate surroundings are raised to several million degrees and vaporized to form a
fireball. If formed on or above the earth's surface, One fireball expands and begins to
rise into the atmosphere reaching 20 or 30 km in altitude. As it rises it cools allowing
the vaporized materials to condense into droplets which fall back to earth.
Anthropogenic Radionuclides of Interest
The anthropogenic radionuclides of particular interest to this work are those which emit
gamma radiation of sufficient energy and gamma yield and are present in sufficient
quantities to be readily detected in the field as well as within samples analyzed in the
laboratory. Fission of uranium creates two unequal halves, fission products, which tend
to concentrate across certain mass numbers. 137Cs and 131 1 are of particular interest
because of their biological and chemical importance as well as initial abundance (Kaye
and Labey 1991, Whicker and Schultz 1982). Activation products which are readily
measured in the environment are 'Am, 134Cs and 60Co. This discussion has been made
with reference to Lederer and Shirley (1979) and Browne and Firestone (1986).
137Cs is formed as a consequence of fission within nuclear reactors and forms from the
decay of 137Xe which decays with a half life of 3.82 mm to 137Cs via B particle emission
and a complex series of low yield gamma-rays. 137Cs itself decays via B particle decay
of which 85.21 % of the decays result in a gamma ray of energy 661.165 keV and is
also associated with a 32.9 keV 13713a X-ray which forms the stable ground state.
134Cs has a more complicated decay scheme. It is an activation product and forms the
first nuclide in the decay scheme. i34Cs has a half life of 2.062 yrs of which 99 %
decays to 1313a via B- decay and a complex of gamma emissions. However, about 3x10-
4 % of the decays are via electron capture (E.C.) to 134Xe. From each of four B decays
series, the nucleus is left in an excited state, from which energy is lost to reach its
ground state via -y-ray emission, resulting in two principle gamma rays at 604.66 keV
(97.56%) and 795.76 keV (85.44%).
16
241A forms as a result of 13- decay from 241Pu which is a neutron activation product and
also forms by electron capture of 241cm. 241 Am has a half life of 432.7 yr and decays
via of-particle decay and 7-ray emission to 237Np. The principle gamma ray of interest
is at 59.54 keV with a 35.7 % yield.
In the event of a nuclear accident, the distributions of 131I and 'Co are of particular
importance, although the latter occurs usually in small concentrations. 131I is of
particular biological significance due to its potential thyroid dose (Fry and Milton
1986). It decays to 131 Xe via 13 and gamma (364 keV, 84 % yield) with a half life of
8 days. "Co has a half life of 5.272 years and decays into "Isli via B decay with an end
energy of 0.315 MeV for 99.88% of the decays. This is followed by a gamma at 1.173
MeV and another gamma ray at 1.332 MeV, both with almost 100 % yield.
2.3 THE DISTRIBUTION OF RADIONUCLIDES IN THE ENVIRONMENT
This section discusses the distribution of the primordial and anthropogenic radionuclides
in the environment. The distribution of radionuclides is dependent upon their pathway
or emplacement into the environment and soil and the subsequent weathering, erosion
and remobilisation processes acting on the soil. Their distribution is also governed by
the chemical characteristics of the radionuclide elements.
2.3.1 Primordial Radionuclides
The distribution of primordial radionuclides is principally dictated by the underlying
geology. The concentration of K, U and Th is controlled by their physical and
chemical behaviour and upon rock forming processes, ie, crystal fractionation in
igneous rocks, metamorphic and hydrothermal processes, and erosion and depositional
mechanism forming sedimentary rocks.
4°K is an isotope of natural potassium and is the most common naturally occurring
radioactive element. It is homogenously mixed with potassium with an isotopic
abundance of about 0.0118 % by mass. K is an alkali metal and is thus easily oxidised.
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Its chemical behaviour is very similar to that of Na and thus both form essential
constituents of the alkali feldspars and feldspathoids. However, K and Na have
different ionic radii (Na + = 1.10 A, K + = 1.46 A) and thus compete with each other
under different temperatures and pressures in rock forming minerals (Cox et al 1984).
Plagioclase feldspars concentrate more Na than K whilst the reverse is true of biotite
micas. Hence, the distribution of K follows very closely the distribution of silica and
the alkali rich minerals and the K 20/Na20 ratio increases with alkali content. The
absolute K content in sedimentary rocks depends mainly upon the relative proportions
of feldspars, mica and clay mineral aggregate content, and is thus dependent upon the
composition of the source rock and the proximity to it. Typical `'IC concentrations are
demonstrated in table 2.4.
Uranium and Thorium have strong electronegativity and display strong lithophile
characteristics. U most commonly occurs as oxides, hydroxides, phosphates,
carbonates, sulphates arsenates, vanadates, molybdonates and silicates and tends to have
affinities with hydrocarbon complexes. Th has a strong tendency to form ions with
chloride, fluoride, nitrate, sulphate, carbonate and hydroxide, whilst silicate, phosphate
and organic complexes are also possible, although they render Th mobile under certain
pH and Eh conditions. They both form strong ionic bonds, though covalent and semi-
metallic structures also occur. U can exist in four valency or oxidation states, U 3+ , U4+
(uranous), U5+ and U6+ (uranyl), whilst Th only exists in one oxidation state Th 4+ and
is generally insoluble in water. Geochemically, at high temperatures, U and Th are
similar and undergo mutual substitution particularly where there is a lack of water.
Under low temperature processes where water prevails, UO2
 ore contains much lower
concentrations of Th (Durrance 1986, Ivanovich and Harmon 1982).
Igneous Rocks
In comagmatic suites of igneous rocks, U and Th appear to follow the usual
differentiation sequence, with concentration increasing with silica and potassic content.
This occurs because their large ionic radii preclude them from early crystallising
silicates. Thus granites are enriched with U and Th by several orders of magnitude
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over oceanic rocks. U/Th ratios are between 3 and 4 for crustal rocks and between 1
and 2 for primitive basalts (undifferentiated mantle material) suggesting some crustal
enrichment of U over Th during crustal evolution. The Th/K ratio tends to remain
constant at about 3x10-3 for a large variety of igneous rocks.
U and Th are distributed in igneous rocks in three ways: i) by cation substitution in the
silicic lattice of major rock forming minerals; ii) as a minor or major component of
accessory minerals also intimately associated with biotite mica; iii) by absorption onto
lattice defects or on crystal grain boundaries.
Table 2.4 illustrates typical U and Th concentrations in igneous rocks. Generally, U
and Th tend to be evenly distributed within fine grained intrusive igneous rocks whilst
they tend to be concentrated towards the periphery of coarse grained batholiths and
stocks. Volcanic rocks tend to have higher concentrations of U and Th than their
plutonic equivalents.
Sedimentary Rocks
The distribution of U and Th in sedimentary rocks is dependent upon the chemical and
physical conditions under which the sediments are transported and deposited.
Weathering of rock releases U easily due to its solubility in water. Other minerals
such as monazite and uraninite are not readily weathered in-situ, but are reduced by
attrition during transportation. During water transportation, U can be removed from
solution by precipitation, absorption or extraction by organisms. Uraniferous
compounds are precipitated in reducing environments.
U in sediments may be deposited: i) indigenously to elastic sediments, ii)
simultaneously with elastic sediments and/or iii) epigenetically after sedimentation has
ended in fractures or porous formations, usually in a reducing environment (Osburn
1965). Most elastic sediments contain low concentrations of U (0.5 to 4 ppm) whilst,
because of low Th solubility in water, Th concentrations are dictated by the source rock
concentrations and both exist as resistates. The primary U and Th tends to decrease
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Table 2.4. Geological U, Th and K concentrations. After Ivanovich and Harmon
(1982), Durrance (1986), Harmson and De Haan (1980), Wollenberg et al (1994,
1969), Wollenberg and Smith (1990) and Osburn (1965).
Rock Type U ppm Th ppm Th/U % K
Class
Igneous
Granites 15-120 40 3-4 2-3.5
Rhyolites 2.2-20 8-33 3-6 3.7
Andesites 2.1 6.7 3 2
Gabbros 0.8 3.8 4 0.2-0.9
Basalts 0.1-1 0.2-5 1-5 0.7
Ultramafics <0.015 <0.05 variable 0.8
Metamorphic
Eclogites 0.3-3 0.2-0.5 2-4
Granulites 4.9 21 4 2-4
Gneiss 2 5-27 1-30
Schist 2.5 7.5-19 >3
Phyllite 1.9 5.5 2.8 3
Slate 2.7 7.5 2.8
Sedimentary
Quartzite 0.45-3.2 1.5-9 1.6-3.8
Arkoses <1-3 5 2-6 4-5
Greywackes 0.5-2 1-7 — 2 4.8
Shales 2-4 10-13 2.7-7 4-6
Bauxite 11.4 4
—5
Limestones
—2 <2 <1 2
Dolomites 0.03-2
Evaporites <0.01 <1 3.6
Lithosphere Mean 3-4 8-12 3 4.5
Soil	 Mean 1-2 6 3 2
Range 1-4 2-12 3 1.4-2.2
with distance travelled before deposition. However, some sandstones contain high
concentrations of Th because of sorting processes which concentrate minerals according
to their density such as monazite, apatite and xenotine forming placer deposits. Carbon
rich black shales and schists contain high concentrations of U (400 ppm) and tend to
occur either as a coating around mineral or organic particles or as disseminated masses
throughout the rock matrix (Durrance 1986 and Ivanovich and Harmon 1982).
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Humic substances are particularly important in enriching U with respect to Th in recent
sediments. Organic deposits formed from bituminous and sapropelic materials contain
little U. Fixation of U by cation exchange is thought to be the concentrating process
which occurs after the death of the plant (Ivanovich and Harmon 1982). The uranyl ion
may subsequently be reduced to the uraneous state because of a decrease in oxidation
potential (Eh) upon burial. H 2S may also bring about reducing conditions due to
decomposition of the organics themselves.
Metamorphic Rocks
Metamorphic reworking of U rich rocks often results in the U concentrating into
segregation associated with minerals such as uraninite, uranothorite and allinite. This
has been observed in gneisses and graphitic schists where uraninite occurs in discrete
layers. Uranium mobilisation in regional metamorphism takes place in hydrous phases,
where U is precipitated from high temperature solutions. Th concentrations are highly
variable and are generally dependent upon the original concentration in the rock prior
to metamorphism. However, with increasing temperature, pressure and partial melting,
Th is concentrated into the liquid phases more readily than U. There is a decrease in
Th/U ratio with increasing grade of metamorphism although the overall U and Th
content of metamorphic rocks decreases with increasing grade (table 2.4). U may thus
also be concentrated in skarns and hornfelses of contact aureols.
U and Th Enrichment to Economic Grade
The principle economic sources of U are the uranous oxides, uraninite (UO2), and
pitchblende (UO2 to U308) and the silicate, coffinite (USiO 4), and are thought to have
been formed by precipitation from hydrothermal solutions or ground waters in a
reducing environment. The majority of U mineralization has occurred along veins. As
U is extremely mobile, reworking and recrystallisation can occur at any time after
emplacement. Thus either meteoric water or magmatic hydrothermal water and fluids
can dissolve U and reprecipitate it at a redox front. Leaching of U from the Hercynian
granites of southwest England and kaolinisation process was considered to be a product
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of thermal draw-down of meteoric water carrying CO2 . The dissolved and transported
U then appears to have been deposited in zones of upwelling. Also the oxidation
processes of meteoric water remobilises U deposited in anoxic conditions within
sandstones. Precipitation often occurs at the boundary of oxygenated ground waters
carrying U meeting 02 deficient waters or where the oxidation potential of the water is
reduced. Similar processes led to U mineralization around the Criffel pluton in
southwest Scotland (Scott et al 1991, Miller and Taylor 1966).
Economic deposits of Th are found with the silicates, thorite (ThSiO4) and thorogumite
(Th(SiO4) 1 _x(OH)4„), and the oxide, thorianite (Th02). However, the most important
rare earth orthophosphate, monazite, is the most important economic source because of
its frequent occurrence as placer deposits in detrital sands.
2.3.2 Anthropogenic Radionuclides
Anthropogenic radionuclide releases into the environment are distributed through natural
atmospheric, erosional and tidal processes. Subsequent depositional patterns may be
characteristic of whichever environmental processes and pathways predominate.
In terms of global pollution, the radionuclides introduced into the atmosphere from
weapons testing during the late 1940's, 50's and 60's, when the majority of weapons
testing took place above the ground, are likely to have been the most significant
contribution to environmental radioactivity levels. However, incidents such as
Chernobyl created pollution levels which are important on a continental scale, with
some fractional contribution to world wide levels. Local incidents, such as the 1957
Windscale fire and licensed discharges of radioactivity into the environment such as the
Irish Sea, are of major importance on a local scale whilst contributing very little to the
global environmental radioactivity levels through dispersal. Thus the importance of
these incidents is governed by the quantities of radioactivity involved as well as their
pathway, distribution and dilution.
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Weapons Testing Fallout
Atmospheric testing of nuclear weapons made a significant input to environmental
radioactivity during the mid fifties and early sixties until the partial test ban treaty in
1963. Atmospheric testing produced 10 9 TBq of 131 L 106 TBq of 137Cs and about 5x105
TBq of 90Sr (Fry, 1987 and UNSCEAR, 1982). The pollution from nuclear explosions
may be termed local or global. The degree to which either the local or global
environments are affected depends upon the relative amounts of material which can be
termed local, tropospheric or stratospheric fallout. This in turn depends upon the
magnitude and origin of weapons detonation.
Local fallout is produced by particles larger than 10 microns and these typically have
track lengths of several hundred kilometers, depending upon the conditions of the
explosion. The residence time of the particles in the atmosphere is of the order of
hours to days (Gilbert et al 1974, Barnes 1978, Barnes et al 1980).
Tropospheric fallout (30 to 60000 feet) is composed of particles up to 10 microns in
size. The half-residence time of the particles in the troposphere is typically 20-40 days
and they can travel several times around the earth. Rain removes between 70 and 80
% of the radioactive products from the troposphere via precipitation scavenging, whilst
20-30 % is removed by dry fallout due to turbulent dispersion of aerosols and their
interaction with topography and vegetation (Eichholz 1977). The interaction of weather
patterns with topography and scavenging via precipitation can lead to "hot spots". The
most important constituents of tropospheric fallout with respect to dose delivered would
include some of the radionuclides with intermediate half lives, such as 131 1, '4°Ba, 147Nd,
133Xe, w3Ru, 95Zr, 141 Ce and 90Sr (Kogan et al 1971, Whicker and Schultz 1982).
Stratospheric fallout (60000 to 160000 feet) consists of particles up to 1 micron in size
which enter the stratosphere with high altitude explosions or high yield explosions at
the earth's surface. The majority of worldwide fallout produced is stratospheric in
origin and the products of explosions may remain in the stratosphere for up to 5 years.
This enables many of the shorter and intermediate-lived radionuclides to decay allowing
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the longer-lived materials such as nr, 137cs, 1"Ce and 14C to become more important
(Whicker and Schultz 1982 and Kogan et al 1971).
Nuclear Industrial Accidents
The first recorded nuclear incident was that of the Windscale fire in October 1957.
Table 2.5 illustrates activities of isotopes released from the Windscale fire via a 400 ft
high stack (Beattie 1981). At the time coastal areas were contaminated with 131I and
milk consumption was banned in the area for a few weeks. Today ' I./Cs from the
Windscale Fire is still measurable in the Lake District (Sanderson et al 1989).
Table 2.5 Activities Released from the Windscale Reactor Accident, 1957. after
Beattie (1981).
Iodine-131 740 TBq Strontium-89 2.96 TBq
Tellurium-132 444 TBq Strontium-90 74 GBq
Caesium-137 22.2 TBq Cerium-144 2.96 TBq
Ruthenium-106 2.96 TBq
Two other minor accidents have occurred since Windscale. In 1961 a water-steam
explosion at the National Reactor Testing Station (Idaho Falls) caused the release of
2.96 TBq of ' 3 '1, 18.5 GBq of '37Cs and 3.7 GBq of 'Sr. In 1979 the Three Mile
Island accident received wide media coverage following the release of 0.592 TBq of 131J
and noble gases from a stack. However, these accidents produced small radiation doses
to the public.
A single example of a severe nuclear accident was brought to the world's attention
when the Nuclear Power Unit 4 of the Chernobyl plant in the western Ukraine was
allowed to overheat resulting in two explosions and a fire. Most of the activity was
released over a period of 10 days between the 26 th April and 5 th May, 1986, although
much lower releases persisted until September 1986, when the power plant was
effectively sealed. Almost all the noble gases escaped and between 10 and 20 % of the
more volatile elements such as iodine and caesium and a few percent of other fission
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Table 2.6. Chernobyl Releases. After Fry
(1987).
1311
Activity	 TBq
1st day	 10 days
1.7x105	 4.4x105
134Cs 5x103 2 .5x104
137Cs lx104 5x104
'Sr 500 9x103
239 +240pu 100 700
and activation products were released. Table 2.6 illustrates the estimated quantities of
the more volatile products released.
Beardsley (1986) suggested that as much
as half of the initial release from
Chernobyl was borne to a height of over
3 km or more through an inversion layer,
and hence Chernobyl derived caesium was
detected in Japan (NEA. 1987).
However, although the heat of the fire
caused considerable plume rise, the rest of
the initial release was injected at lower
altitude and its movement determined by surface winds. During this time a complex
and varying set of meteorological conditions developed over Europe dispersing the
cloud over a very wide area. Consequently, it was Europe which received the majority
of the contamination from Chernobyl, although two other segments of the cloud were
detected at some distance, one in North America and the other in China and Japan
(Clark and Smith 1988b, Clark 1986b, KrOlas et al 1987, Smith and Clark 1986, 1989,
Papastefanou et al 1988, Roca et al 1989, Veen and Meijer 1989, Meijer et al 1990).
Measurements by Michio et al (1991) suggested that Chernobyl derived fallout from the
stratosphere continued until the end of 1988.
Deposition from the contaminated cloud resulting from Chernobyl was very uneven,
both within and between European countries. This was primarily due to the interaction
of the cloud with frequent and heavy localised precipitation, thus enhancing deposition
(Clark, 1986b, Clark and Smith 1988a) as well as the interaction of the cloud with
topography. The highest levels of deposition outside Chernobyl occurred during
convective storms where heavy rainfall and associated strong air currents swept material
from the surrounding air into the clouds and were effective in depositing material in
localised areas (NEA 1987). Hence, initial distribution patterns within the UK were
estimated with meteorological data in conjunction with some sporadically collected soil
core data (Clark and Smith 1988a,b). As acknowledged, this technique has its
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limitations as rainfall can vary considerably over small distances and rainfall stations
tend to be based in accessible lowland locations which do not provide a representative
spatial distribution. In addition, as suggested by Clark and Smith (1988a), deposition
patterns between 'I and 137Cs are likely to be very different, because 'Cs was present
in particulate form with wet deposition mechanisms dominating, whilst 131I was present
in particulate and vapour phase and thus both wet and dry depositional mechanisms
were important. Hence the geographical distributions were likely to be different,
resulting in a 131 I/ 137Cs ratio of 18 in areas of little rain and-311/ 13/Cs ratio of 3.5 in
areas of high rainfall.
Nuclear Discharges into the Environment
In the UK there are four major organisations involved in the nuclear fuel cycle which
discharge radioactive effluents into the environment. These include: i) British Nuclear
Fuels plc (BNF), ii) Nuclear Electric, iii) Scottish Nuclear, and iv) the United Kingdom
Atomic Energy Authority (AEA Technology).
Of these operators, the Sellafield site now operated by BNF plc has provided by far the
most significant contribution to the total inventory budget discharged to the Irish Sea.
Most of the liquid waste from Sellafield which is of a high level is routed to interim
storage and is converted into vitrified glass waste. The medium active waste is routed
to a salt evaporator and stored. The remaining low level waste is discharged to sea via
the pipe line. This waste originates from storage ponds associated with the magnox
reactor decanning plant, the storage of oxide fuel at the Thermal Oxide Reprocessing
Plant (THORP) and minor waste originating from laundry effluent. There has been a
significant decrease in marine pipeline discharges into the marine environment from
8500 TBq (1975 peak) to 62.3 TBq (1991) per annum for B and 180 TBq (1973 peak)
to 2.1 TBq (1991) per annum for a.
However, the proposed start of THORP operations in 1994 following licensing, would
see the total reprocessing throughput rise, particularly with increased releases to sea of
tritium. Since the early 1980's, medium active waste has been accumulated on site,
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allowing shorter lived radionuclides such as ruthenium-106 to decay. With the use of
the Enhanced Actinide Removal Plant (EARP), commissioned in late 1992, most
radiologically significant radionuclides (plutonium and americium) will be removed with
a high efficiency from this waste. However, radionuclides such as technecium-99, with
a long half life will remain after treatment. Hence B discharges into the environment
will rise to about 300 TBq by the year 2000.
Radioactive discharges to the atmosphere also take place from Sellafield via stacks.
Aerial discharges consist principally of ventilation air from the processing plants and
Calder Hall. The radioactive content comprises noble gases (e.g. argon and krypton),
and other gases and vapours (e.g. hydrogen, iodine and carbon dioxide) and suspended
particulates. Particulate filters are used to reduce quantities of radioactivity discharged.
Resuspension of material from storage ponds and other places contributes to
atmospheric discharges and is detected at the site perimeter. There has been a similar
reduction in atmospheric discharges since the 1970's. Numerically, discharges are
dominated by tritium, argon-41 and krypton-85.
MacKenzie et al (1987) showed the sediments of the Irish Sea and coastline to be
contaminated to globally significant levels. Much work has been undertaken to
determine the behaviour and distribution of radionuclides (eg. Garland eta! 1988, 1989,
Baxter et al 1989, Cook et al 1984) and hot particles (e.g. Hamilton and Clifton 1987)
within and around the Irish Sea along with potential uptake into the food chain . Sea
to land transfer of Sellafield derived radionuclides via sediments and in particular sea
spray has also been studied by, for example, Hursthouse et al (1991), McDonald et al
(1990), McKay and Pattenden (1990) and Eakins et al (1981).
2.4 THE CHEMICAL BEHAVIOUR OF RADIONUCLIDES IN SOILS
Once deposited into the environment, the behaviour of the radionuclides is governed by
their chemical interaction with soils and sediments. The behaviour and retention of
radionuclides is predominantly dictated by ion-exchange mechanisms.
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Soils principally consist of mineral, organic matter, soil air and soil water content
(Brady 1984 and Faniran and Areola 1978). Mineral materials include all inorganic
substances in soil. These include rock fragments and primary and secondary minerals
resulting from the chemical decomposition of rock materials. These include: i) Silicate
elements, such as Si, Fe and Al, ii) Macro-nutrients, consisting of metallic cations, Ca,
Mg and K and non-metallic organic cations P, N and S, and iii) Micro nutrients or trace
elements such as Mn, Mo, Ti, Cu, Pb, Zn and Vn.
Particles are classified as sand (0.02 to 2.0 mm), silt (0.02 to 0.002 mm) and clay
( < 0.002 mm). The clay particles are of the most fundamentally important soil mineral
constituents, composed entirely of chemically active secondary minerals. Each clay
particle is surrounded by a film of water saturated with negative charges which
constitutes the soils cation exchange capacity.
Clay minerals are formed by silica and alumina sheets combining in two ways: i) The
montmorillonite group, which includes the expanding (montmorillonite of high cation
exchange capacity), and non-expanding (fine grained micas and illite of moderate cation
exchange capacity), and ii) The kaolinite group, (low cation exchange capacity).
Soil organic matter is decomposed by living organisms to form humus. Humus has the
ability to hold and exchange nutrient cations on negative exchange sites. About 50 %
of the soil cation exchange capacity is made up of the negative charges associated with
humus. Clay and humus are usually mixed up in the soil to form the clay-humus
complex which has colloidal properties and is stable in soil with low acidity.
2.4.1 Primordial Radionuclide Assimilation and Concentration in Soils
The chemical and physical factors which determine the distribution of radionuclides in
rocks also control the distribution within soil as well as their mobility and
bioavailability. Principally, U and Th accumulate in soils as a result of rock weathering
and soil formation. However, in an open system, a wide variety of geochemical and
geophysical processes dictate the distribution of U, Th and K in the soil profile.
28
The solubility of U and Th in soils depends on pH, redox potential, texture and mineral
composition of the solid phase, concentrations of inorganic compounds in the soil and
soil solution, competitive interactions between heavy metals, soil temperature, moisture
content and microbial activity. Alpha recoil mechanisms are likely to form an
important role in the weakening of the more resistant minerals such as zircon and aid
their weathering and disequilibrium in the decay series. Thus, as dissolved U atoms
decay by a disintegration, recoiling daughter nuclides are adsorbed or driven into
particulate matter (Ivanovich and Harmon, 1982).
Transport of U and Th in soil-water occurs mainly in dissolved or suspended form, by
diffusion or mass flow. Under oxidizing conditions U occurs in solution at low pH as
a uranyl ion or as hydrolysis products of this ion. At higher pH the uranyl ion may
form complexes with carbonate ions. These complexes may be relatively mobile in
soils and ground water, because of their negative charge. Thorium occurs in the soil
solution at low pH as a thorium ion or its hydrolysis product. Above pH 4 the major
species in solution will be Th(OH)2+
 and at high pH, thorium is virtually absent in soil
solutions. Additional organic acids, such as acetic and oxalic acid, may form soluble
complexes with U and Th, thus increasing the solubility of these elements in soils.
Processes which lead to the removal of U and Th from solution include incorporation
on biological systems, coagulation of suspended matter, precipitation or coprecipitation,
adsorption and solid state diffusion. Positively charged U and Th compounds will be
strongly adsorbed in soils. Adsorption of free metal ions, hydrolysis products or
complexed species may be caused by electrostatic attraction, London-van der Waals
interactions, hydrogen bonding or chemical bonding (Harmson and de Haan 1980). As
with other heavy metal ions, adsorption is favoured when in low concentrations and in
high pH conditions. The presence of U and Th in hydrolysed form together with the
actinide affinity to oxi-anion groups and in particulac U to the carboxylic-acid groups,
make it very likely that U and Th will be strongly absorbed in soils, both by organic
and mineral soil constituents.
Given the wide variety of physical and chemical processes acting upon soils and their
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substrata which are governed by geologic, geographic, hydrologic and climatic controls,
Osburn (1965) offers some generalizations on the distributions of radionuclide
concentrations in soils. The amount and type of a radionuclide found in a particular
soil depends initially on the parent rock, and secondly upon the type and intensity of
weathering and erosion.
However, given the different chemical characteristics of the U and Th daughters,
disequilibrium within the individual decay series is likely to occur (Talibudeen 1964,
Hanson and Stout 1968, Megumi et al 1982). For example, radon gas emanation will
lead to disequilibrium in the Uranium series. The soil radon generating power tends
to be concentrated in the heavy clay layers of soils, typical of the lower levels of the
soil profile in podzolic, red-brown earths and prairie soils. Limestone soils tend to
concentrate the radon producing power in the upper levels of the soil, due to
solubilization of the limestone, concentrating the Ra bearing minerals in the upper levels
of the soil. Soils associated with arid and semi-arid climates are poorly weathered and
thus their radon producing ability is uniformly distributed throughout their horizons.
Similarly deeply weathered subtropical soils tend to have evenly distributed radon
activity with depth.
Disequilibrium of Ra with respect to U may occur as a result of leaching of soils and
the difference in the chemical reactivity between Ra and U. Although this is likely to
be a minor contributor to U series disequilibrium, Talibudeen (1964) illustrates that
Ra2+ tends to accumulate in colloidal fractions which are less easily leached out and
hence heavier soils are found to be richer in Ra. Soils on carbonate rocks tend to
accumulate Ra, whilst on igneous rocks Ra levels do not differ markedly from their
parent rock concentration. The Ra/U ratio of surface soils generally increases with
leaching, although increased organic content favours the retention of U relative to Ra,
as do reducing conditions associated with water logged soils and the formation of H2S.
Because the Th/U ratio increases with depth, there must be a preferential downward
movement of Th, especially in the presence of organic complexes.
Chemical weathering of the parent rock results in fewer mineral species in the
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subsequent soil. This generally results in a reduction in the transfer of radionuclides
from the bed rock to the soil profile and thus a reduction in the nuclide concentration,
particularly for U. However, micaceous clay minerals are formed as a result, which
have been demonstrated to be efficient absorbers of K, Ru and Ra. In general,
micaceous minerals are resistant to physical weathering and consequently regions which
have mica concentrations in bedrock will also have mica in the soil. In areas where
physical forces dominate over chemical forces, the natural radioactivity of the soils may
increase above that of the parent rock (Hanson and Stout, 1968). U and Th appear to
have concentrated as a result of rock weathering. U is often preferentially retained in
primary soils, whilst in alluvial soils Th was preferentially retained.
2.4.2 Anthropogenic Radionuclide Behaviour in Soils and the Environment
Caesium in Soils
The radiocaesium isotopes "Ts and ' 37Cs form part of the alkali metals group along
with K and Rb and thus have very similar physiological and ecological behaviour.
Numerous investigations have revealed that soils, particularly those rich in clays, act
as a sink for radiocaesium released into the environment.
In an attempt to find a correlation between the magnitude of the caesium distribution
coefficient (Kd) and measured soil properties such as ion-exchange capacity, major
cation concentrations, clay mineral composition, carbonate mineral content and pH,
Gillham et al (1980) found that there were no discernable correlations except with
natural exchangeable caesium. In contrast, Ritchie et al (1970) found the maximum
retention of ' 37Cs in the first inch of the soil column was due to its rich organic content.
However, Cremers et al (1988), Cook et al (1984), Evans et al (1983), Coleman and
Le Roux (1965), Sawney (1972) and Francis and Brinkley (1976) suggest that the
retention behaviour of radiocaesium is essentially controlled by the clay content in the
soils and in particular by illite and micas (non-expanding group), the dominant clay
mineral in Western Europe. In addition, Schultz et al (1960), suggested that the
absorption energy of caesium on clay minerals and soil colloids is greater than any
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other alkali ion and is irreversibly fixed by many soil colloids and clay minerals
especially by the non-expanding group of minerals. Cook et al (1984) and Fahad and
Shihab (1989) showed by sequential leaching of soils with river water, NH40Ac, KC1,
CaC12 and EDRA that the major soil constituents responsible for the retention of
caesium were clay silt and Fe oxides. Continual leaching showed an increasing fraction
of the caesium to be bound to the clay minerals. Thus the displaced portion is thought
to be associated with organic matter and caesium exposed on less selective sites.
Evans et al (1983) identified three types of site important in the binding of 137Cs: i) sites
on planar surfaces of clays (or exterior surfaces of other sediment minerals), ii) sites
at the edges of clay interlayers of 10 A spacing (in particular the frayed edges or wedge
sites of partially weathered micas such as illite), and iii) sites along the interlattice
layers of collapsed or non-expanding clay minerals where fixed 137Cs is not readily
exchanged with any cation.
The consequence of selective absorption of caesium to caesium fixing minerals strongly
influences the availability of 137Cs cycling to the biotic component of ecosystems.
Release of 137Cs is 8x greater from montmorillonite and kaolinite than from mica and
illite (Francis and Brinkley 1976).
The interaction of caesium with organic material is predominantly ionic. The electro
positive caesium can form phenoxide salts or form bonds with ligands via oxygen
bonds. Displacement of caesium is possible either by an ion with a greater affinity for
the site or its presence in much higher concentrations. Hydrogen ion content and thus
pH plays an important role in metal complexing within organic substances. Hydrogen
ions have a high affinity for many complexing sites (Livens and Baxter 1988 b).
McKay and Baxter (1985) showed that the presence of oxides and organics in the soil,
was important in coating particles and thus preventing the release of 137Cs from the clay
mineral fractions. As a result of diagenetic changes removing these mineral coatings
a significant fraction of 137Cs may be made available.
For a given atmospheric deposition of 137Cs and 134Cs, the vertical distribution of
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caesium will be controlled ultimately by the clay minerals present and the diffusion
mechanisms acting upon that profile and additional organic (eg. grass and forest litter)
and sediment input (eg. salt marsh) on top of the profile. The maximum published
depth of penetration for " 7Cs was 2.25 m in unsaturated sandy soils (Veen and Meijer
1989). However, typical values within clay and loam soils are between 20 and 30 cm
(Torgessen and Longmore 1984, Miller et al 1990) with typically most of the activity
concentrated within the top 15 cm (Livens and Baxter 1988 b). Ohnuki and Tanaka
(1989) described two additional processes of caesium migration: i) absorption near the
soil surface and ii) caesium migration downwards attached to soil particulates. The
resulting profiles are often described as exponential.
Miller et al (1990), Silant'ev and Shkuratova (1988) and Bunzl and Kracke (1988)
observed differences in radiocaesium absorption in the top layers of soil between forest
soils and grass land soils. Explanations evolve around the ability of the forest litter
layer to act as a buffer by absorbing water from precipitation, thus slowing the
movement of trace constituents into and through the mineral soil layers. However,
some authors have found no differences between open grass land and woodland soils
(Cawse 1983) whilst others have observed greater depth penetration of " 7Cs under oak
vegetation (up to 70 cm) than in bare soil (Veen and Meijer 1989). These variations
in observations may be explained by the differences in organic matter and differences
in canopy coverage between deciduous forests and evergreen forests (Ritchie et al
1970). Mathematical modelling of caesium migration in soils has been undertaken by
Silant'ev and Shkuratova (1988).
Allen (1991) and Allen and Rae (1986) observed that the distribution of metals within
salt marsh sites on the Severn estuary could be used for the timing of sedimentological
events. Research by Allen 1994 and within this thesis demonstrate that the distribution
and deposition of sediments contaminated by the discharge of anthropogenic
radionuclides from Sellafield has led to a very different source depth distribution from
that observed on terrestrial sites. Sediments from the Irish Sea are deposited in
accretionary zones forming salt marsh sites often over 1 kilometer in width and several
kilometers in length. Since the peak Sellafield discharges in the 1970's, subsequent
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accretion of lower activity contaminated sediments have produced a subsurface
maximum. The depth of the subsurface maximum is tidally controlled and typically
deeper in the higher energy intertidal sediments than in the far shore environment.
Americium and Plutonium in Soils and the Enviromnent
Since 1944, increasing amounts of the transuranic elements have been produced by
nuclear reactors. Americium and plutonium form part of the actinide group and are
associated with weapons testing fallout or Sellafield discharges leading to contaminated
sediments of the Irish Sea.
Of the 14 Pu isotopes, most interest has been focused in the fissile 239Pu, with rather
less on mPu and 241Pu. Consequently, there has been much research into the behaviour
of Pu in the environment. Also of particular interest is 241Am, because of its ease of
detection in the laboratory and field. Its origin in the environment is complicated by
the fact that it is both discharged directly from Sellafield and also forms as a result of
the B decay of 241Pu.
Continual change is occurring in the relative amounts of americium and plutonium in
the environment purely as a result of the decay of 241Pu to 241AM, observed as a change
in the 241Am/239+20Pu ratio. The activity ratio in mixed fallout has been observed as
0.22 in 1970, 0.28 in 1974 and 0.35 in 1980 (Koide and Goldberg 1981).
Bondietti (1981) illustrates how the mobility of the actinides is dependent upon: redox
potential (reduction in oxidation state inc)eases mobility), inorganic and organic
components, sorption specificity of environmental surfaces, residence time (for
equilibrium) and pH. Of importance in the environment are plutonium in a tri- and
tetravalent oxidation state (Pu' and Pe') and americium in the trivalent oxidation state
(Am'). Both the tri and tetravalent states form stable organic complexes, with the
tetravalent state approximating Fe' in strength. Americium may be maintained in
solution by the formation of soluble complexes in which organic ligands are thought to
play an important role. However, the pronounced hydrolytic character of these
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actinides, making them insoluble, enables them rapidly to form particulates or to be
absorbed to existing suspended particulates and thus interact strongly with rocks, soils
and sediments. Even actinides in complexes with organic or inorganic particles can be
subject to sorption, the degree being a function of the solid-phase or solution-phase
chemistry. As a result of their strong attachment to particulate surfaces, they tend to
accumulate in soils and sediments which act as storage reservoirs (Whicker and Schultz
1982) and thus physical transport of contaminated sediments is a major factor in the
relocation of many radionuclides (Bondietti 1981).
From examining the chemistry and binding of americium and plutonium in soils via
batch equilibrium techniques, Rouston et al (1977) concluded that ion-exchange was not
the only sorption reaction that occurred and that Am' organic complexes could occur
and dominate solubility control. They also concluded that plutonium is an unsuitable
analogue for the behaviour of other actinides in soil. For example, plutonium is better
sorbed relative to americium and thus 241Am is more mobile in the environment. The
distribution coefficient (Kd) values for americium are greater than plutonium by 0.5 to
1.0 orders of magnitude. Am and Pu in both the tri- and tetravalent states are also
strongly bound to humic compounds. Binding of americium to soil components may
be very similar to plutonium, although the strength of binding is less due to organic
complexing. Thus, decreasing sorption to soil and increased mobility, allows for
greater plant uptake or vertical transport (Coughtrey et al 1984). Plutonium is
predominantly associated with the organic fractions and to a lesser extent oxide phases
of soils and sediments in Cumbria (Livens and Baxter 1988 a,b) and Dounreay (Cook
et al 1984).
The adsorption of americium to sediments is dependent upon the physico-chemical
speciation of americium and on the surface characteristics of the sediment. Both of
these may change with pH and thus the Kd for sorption of americium may also vary
(Sanchez et al 1981). Generally, Kd increased with pH.
As in sediments, americium does not behave in a similar manner to plutonium in the
aquatic ecosystem. Americium is strongly associated with particulates and sediments,
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and is thus more easily removed from the water column. The association of americium
with particulate matter leads to its preferential entry into the sediments and thus its
enrichment with respect to plutonium in areas of high influx of terrestrial derived
material. Similar observations of preferential removal of americium relative to
plutonium from the water column from nuclear discharge points have been made
(McDonald et al 1990, Livingston and Bowen 1976).
2.5 SUMMARY
The natural radionuclides of interest are ' PK, 238U and 232Th. Their abundance, gamma
yields of their daughter products and geochemical distribution have encouraged their use
in geological applications of gamma spectrometry. Of the anthropogenie radionuclides,
the abundance, gamma yields, origin, longevity and biological importance make the
study of 'Cs and 134Cs particularly appealing for in-situ and airborne gamma
spectrometry. In addition 241Arn is of particular interest in coastal environments and
with certain detector formats is readily detected in the field. Of additional interest in
the event of an accident is 'I which is initially detectable and of biological importance.
Over and above the factors which determine the geological distribution of the natural
radionuclides in soils, the climate, soil type, pH and geophysical processes acting on
the soil are the major environmental factors. Deposition pathway is the major factor
which dictates the distribution characteristics of anthropogenic radionuclides in soils.
Scavenging via precipitation from radioactive plumes in the troposphere and plume
interaction with topography are the major control on fallout from accidents such as
Chernobyl and often lead to a highly heterogenous distribution. Diffusion and
migration processes acting on the soil horizons and ion exchange capacity control the
movement of activity through the soil profile. The depth of penetration is ultimately
determined by the soil composition, and in particular by the type of clays present and
organic matter. The deposition of contaminated Irish Sea sediments in coastal
environments provides more homogenised and tidally controlled distribution of activity.
However, subsequent deposition of lower activity sediments leads to a buried source
profile.
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3. METHODS AND TECHNIQUES
3.1 INTRODUCTION
Having reviewed the factors which control the distribution of radionuclides in the
environment in chapter 2, this chapter discusses the traditional techniques used to
measure environmental radioactivity. Failure to recognise the limitations of these
techniques may render their results difficult to interpret. Thus a comparative study
between these techniques is made throughout this research work to determine and
quantify their limitations and determine effective methods for comparison.
A wide range of measurement techniques is available today for the scientist to
determine levels and distributions of environmental radioactivity. This chapter
discusses the broad theory and methods behind the three techniques used for the
measurement of radioactivity through environmental gamma spectrometry. These
techniques involve many aspects and hence this chapter includes: principles of
scintillation and solid state gamma spectroscopy and their application to environmental
monitoring via laboratory analysis of soil samples, in-situ and aerial based platforms.
The discussion begins by describing the soil and sediment sampling technique and
sample preparation methods used.
3.2 SOIL SAMPLE COLLECTION AND PREPARATION
Typical soil sampling techniques available today include auguring, coring and digging
trenches. For this work a quick and efficient method is required for soil sample
collection, and thus soil corers were used. However, the methods of sampling and
sub-sampling have a direct bearing on the final inventory estimates, a fact which has
gained only a tacit recognition in the literature. Equally, careful laboratory practice
is required in order to minimize further potential errors on the final inventory estimate.
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3.2.1 Soil Sampling
For the estimation of environmental radioactivity from soils, two soil corers were used.
For inter-laboratory compatibility, a 38 mm diameter soil corer was initially used as
recommended by AEA, Harwell (McKay et al 1991, Cawse and Horrill 1986, Pierson
et al 1982). Other core sizes cited in the literature range from 4 cm (Brisbin et al
1974), 5cm (Amolds et al 1989, Sutherland and de Jong 1990 and El-Fawaris and
Knaus 1984), to 10 cm (Dickson et al 1976, ASTM 1983). Digging soil blocks is an
alternative to coring as demonstrated by Horrill et al (1988) who dug 20 cm x 20 cm
x 15 cm block turfs for analysis of Chernobyl derived inventories.
The 38 mm corer illustrated in figure 3.1.a. is supplied by Leonard and Farnell and
was originally designed for coring in stony field conditions. A 38 mm diameter x 170
mm length stainless steel corer was attached to a hammering shaft via screws. The
core was then hammered into the ground by vigorously pumping the hammer shaft.
The corer was then pulled out of the ground and the corer detached. The soil core
was retrieved by extruding the sample from the stainless steel corer. This process was
then repeated to the depth required, usually 30 cm, though in peaty locations soil cores
were taken to 45 cm. Up to 10 soil samples were collected per location. The cores
were then double bagged to retain moisture content and labelled.
A 105 mm diameter corer was later used and was constructed from a B.M.S.
Turfmaster golf hole cutter which was adapted so that 105 mm diameter intact soil
cores could be sampled to depths up to 45 cm. Figure 3.1.b. illustrates the corer. It
is simply two semicircular core cutting shafts which were hit into the ground
separately with a rubber mallet. The shafts were guided by three rings attached to the
steadying handle. Once the required depth was reached, the handles were given a half
turn to break the sod, and the corer was lifted out of the ground. One shaft was pulled
back to reveal an intact core with no soil compression and negligible stratigraphical
smearing. The sample was then cut up on site to the required depth intervals, bagged
and labelled.
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Figure 3.1 Soil Corers: a. 38 mm x 150 mm corer. b. 105 mm x 450 mm corer.
(Drawn to scale).
The 105 mm corer collects 7.6 times more material than the 38 mm corer for the same
depth of sample. In addition the larger core size allows less biasing of stone size and
content within the sample, thus allowing a more representative sample to be collected.
3.2.2 Laboratory Sample Processing
On return to the laboratory, the samples were stored in a cool environment, if not
processed immediately. If not already cut in the field, they were cut into 2 cm, 5 cm
or 15 cm intervals. The 105 mm corer provided accurately cut soil samples, from
which, by accurate subdivision, sample volumes were ea.siy calculated.
The samples were placed on trays of known weight, weighed and placed in ovens at
between 40° and 60°C to be dried. Drying times required depended upon sample
water content, and ranged from a few days to about two weeks. Where necessary,
water content was checked by reweighing the sample until the weight stabilized. From
the dry weight the soil moisture content was calculated.
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The wet bulk density was calculated by dividing sample wet weight by its volume as
collected and subdivided in the field. However, dry bulk density was more difficult
to measure. The bulk densities of sediments and sandy soils could be easily and
quickly estimated by using measuring cylinders. Soils with moderate organic content
dried into compacted shapes, making bulk density estimation difficult. Dry bulk
density was therefore calculated with core volume and the dry sample weight after
FitzPatrick (1983).
Stone content was determined by sieving through a 2 mm mesh. The stone fraction
was weighed and returned to the whole sample. The pH was determined on dry soil
separates using a 1:2.5 ratio of soil to 0.01 MCaC1 2 (Cawse and Horrill 1986, Baxter
et al 1989) and a calibrated electrometric pH meter (Bolt and Bruggenwert 1976).
Chapter 6 discusses the need for a homogeneous sample for sub-sampling. In order
to achieve this, a rock crusher was used to break the samples into <10 mm fragments.
The samples were then ground and homogenised for several minutes in either a 125
g capacity Tema Mill or a 1 kg capacity Mixer Mill. The samples were ground to
<0.5 mm (approx) fragments. Where the sample size exceeded the capacity of the
mill, sub samples were taken and ground separately. These sub-samples were
subsequently bulked and homogenised by tumbling in a large container for between
8 and 24 hours.
The homogenous sample was then placed into clear polystyrene containers of fixed
geometry. The geometry (container) sizes used were 30 cc (petri dish), 75 cc or 150
cc and were chosen to optimise the amount of sample used. The container was
weighed empty and the ground soil was poured into the container, which was
frequently tapped to maximise compaction during filling. The container was
reweighed and the sample weight and density calculated. The container was sealed
to allow equilibration of 222Rn with its parent 226Ra. Two weeks storage was allowed
prior to gamma spectrometric analysis.
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3.3 GAMMA RAY SPECTROMETRY
The detection and quantification of radionuclides present in a source is dependent
upon the detection of gamma photon energy and the relative abundance of these
photons. The detection of gamma rays is critically dependent upon the gamma ray
photon undergoing an interaction that transfers all or part of the photon energy to an
electron in the absorbing material. Thus, to serve as a gamma ray spectrometer, a
detector must act as a conversion medium in which incident gamma rays have a high
probability of interacting to yield one or more fast electrons and at the same time act
as a detector for these secondary electrons. There are principally two detectors of
major importance in the detection of gamma rays: i) inorganic scintillators, such as
sodium iodide thallium activated crystals (NaI(T1)); and ii) solid state semiconductors
such as the hyper pure germanium (HPGe) or lithium drifted germanium (Ge(Li)).
NaI(T1) detectors have a higher sensitivity but poorer energy resolution than HPGe and
Ge(Li) detectors. Hence, the choice of gamma detector is based upon: i) the required
resolving power; ii) the detector efficiency; and iii) the simplicity of the arrangement.
Relative efficiency comparisons between detector types are often made by comparison
with the intrinsic efficiency of a 3" x 3" NaI(T1) detector at 1333 keV ( 60Co). NaI(T1)
detectors of this standard size have virtually identical properties and thus this relative
comparison can be readily made, typically with a 6°Co point source. Ideally this
should be a measure of intrinsic efficiency relative to the detector's active volume.
However, to eliminate the difficulties this imposes, relative efficiencies between
detectors are typically calculated with a 6°Co source at a distance of 25 cm from the
detector crystals.
A convenient definition of energy resolution is the full width at half maximum
(FWHM) of the amplitude of the photopeak and can be quoted in terms of energy or
divided by the peak centroid position and quoted as a percentage. For comparison
between different detectors, the FWHM is often quoted at 662 keV (" 7Cs), or at 6°Co
for high energies and 'Co (122 keV) for low energies.
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The two main types of gamma ray detector and their operation are described. Their
application to laboratory and in-situ based spectroscopy will be illustrated along with
SURRC developments for in-situ applications. Much of the following discussion is
taken from Shafroth (1967), Adams and Dams (1975), Knoll (1979, 1989) and
Ivanovich and Harmon (1982).
3.3.1 Semiconductor (Solid State) Detectors.
The principle of semiconductor detectors is based on the semiconductor energy band
gap principle, where electrons in the valence band are excited by ionization and cross
the forbidden band to the conduction band and are subsequently collected by the
influence of an electric field (Adams and Dams 1975, Knoll 1979, Ivanovich and
Harmon 1982).
Germanium (Ge) is the preferred material for this because of its high Z. In early
semiconductors, Ge was not very pure cPusing an imbalance of electrons and holes in
the crystal lattice (extrinsic), with sufficient electrons in the conduction band for the
material to be a conductor at room temperatures. At liquid nitrogen temperatures (77
K), the thermal excitation produced noise is reduced. Highest purity Ge was typically
p-type (excess of holes) which could be effectively neutralised by the ion drift method,
where lithium (valency 5) was drifted through Ge (valency 4) to provide a neutral
(intrinsic) layer. This process was carried out in different geometries to provide
coaxial open ended or single ended detectors. To avoid the redistribution of Li, these
detectors are maintained at 77 K.
Today germanium is available at very high purities, and reverse biasing at 1000 V or
more provides a depletion zone (intrinsic) of 10 mm or more providing high purity
germanium. The impurities which remain still cause excess leakage current and hence
still require the detectors to be operated at liquid nitrogen temperatures.
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3.3.2 Scintillation Detectors
Absorption of energy by ionisation can result in an electron being elevated from the
valence band to the conduction band, thus leaving a hole in the valence band. In a
pure crystal such as NaI, the return of the electron into the valence band is an
inefficient process and results in the emission of a photon, a condition known as
scintillation. However, typical forbidden band widths in pure crystals lead to resulting
photon emissions with too high an energy to lie within the visible region. To enhance
the probability of visible photon emission during the de-excitation process, small
amounts of an impurity or "activator" such as thallium (T1) are commonly added to
the inorganic scintillator. The impurities create energy states within the forbidden
band through which the electron can de-excite back to the valence band. Thus the
transition is less than the full forbidden band gap, and the transition will give rise to
a visible photon which forms the basis of the scintillation process.
NaI(T1) has the highest light yield of all known scintillation materials. It has a linear
response to electrons and gamma rays. Although NaI(T1) can be easily machined into
required sizes and shapes, it is fragile and easily damaged through mechanical and
thermal shocks and is also hygroscopic.
The light collection from a scintillator must be as efficient as possible and be reflected
towards the photomultiplier tube which converts the light signals into electrical
signals. To achieve this, the scintillator must be as transparent as possible and
surrounded by a reflector usually graded MgO powder. These light collection
conditions affect the eventual energy resolution of the detector in two distinct ways:
i) The statistical broadening of the response function will worsen as the number of
scintillation photons which contribute to the measured pulse is reduced through self
absorption and internal reflectance.
ii) The uniformity of light collection will determine the variation in signal pulse
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amplitude as the position of the photon interaction is varied throughout the scintillator.
The highest light transfer between crystal and photomultiplier tube is achieved through
direct coupling. The photomultiplier consists of two electronic systems mounted
within the same unit: i) a photosensitive cathode which converts the photons into
photoelectrons; ii) a multiplicator tube where the electrons are repeatedly multiplied
by secondary emission from dynodes.
3.3.3 Detector Instrumentation
The pulses leaving the detectors require suitable amplification and signal processing
for interpretable data to be produced. Thus equipment of the highest linearity and
stability must be used so that the pulse height distribution reflects the resolution
capabilities and linearity of the detector with the least possible degradation of data.
Figure 3.2 shows the components required for efficient operation of solid state
detectors, although this is generally the same for any gamma detector.
Instrumentation for Semiconductor Detectors.
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Figure 3.2 The Main Components of a HPGe or Ge(Li) Detector System
Amplifiers contain pulse shaping networks and amplify the signal from the detector.
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Their location with respect to the detector can affect the signal to noise ratio. Thus
the amplifier is divided into two. The first part or preamplifier is placed close to the
detector which minimizes the capacitive load on the detector. In addition the
preamplifier provides a high impedance to the detector whilst providing a low
impedance output to drive successive components. The output signal is typically a
pulse with an exponential tail. The rise time of the output is kept as short as possible,
usually equal to that of the charge collection time on the detector itself. It is through
this process that the preamplifier maximises the signal to noise ratio.
The main part of the amplifier, is positioned further away along with the rest of the
nuclear electronics required. The amplifier must allow for the selection of the
optimal pulse shaping network for an optimum resolving power consistent with the
noise characteristics for a given detector preamplifier combination at one end, and the
practical count rate requirements for experimental conditions at the other. This
flexibility is taken into account with commercially available amplifiers with pulse
shaping methods and RC time constant adjustable over a range of 0.1 to 10 [is. This
allows the ready selection of the best signal to noise ratio. For high counting rates a
delay line differentiation circuit or second RC circuit should be provided. The
amplifier accepts tail pulses as an input and produces a shaped linear pulse with
standard polarity and span. The amplification factor or gain required varies greatly
with application, but is typically a factor of between 100-5000. This gain can be
adjusted and if the product of the input and gain exceeds the maximum designed
output amplitude, the amplifier will saturate and produce a distorted output pulse.
Linear amplification will only be realised for those pulses which are short of this
saturation level. An additional requirement for high resolution gamma spectroscopy
is base line restoration between pulses at high counting rates to reduce the signal to
noise ratio and the deterioration in the photopeak resolution.
The nuclear electronics required to power semiconductor detectors and process their
signal information are usually housed within a Nuclear Instrument Module (NIM) Bin
which also acts as an ac to dc converter. The primary interconnections between
modules and components are carried out using shielded coaxial cables. The shielded
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construction is designed to minimize pick-up of noise from stray electric and
electromagnetic fields, which is of paramount importance with signal cables. The high
voltage or detector bias is commonly up to 5000 volts. Extreme stability is not
required as fluctuations in the voltage supply do not lead to changes in photopeak
position.
Instrumentation for Scintillation Detectors
Amplification of pulses from a NaI(T1) detector is usually achieved through at least
two stages. The first stage as discussed is performed by the photomultiplier tube. The
signal from the photomultiplier is usually quite large due to the high voltage applied
across it. Thus although pre-amplification is often used and usually placed at the back
of the detector (figure 3.6), its primary role is for fine adjustment of the signal
emanating from the photomultiplier tube. The preamplifier is then connected to the
amplifier, as with semiconductor detectors, via a coaxial cable.
As the high voltage power supply is vital in the preamplification process, it is very
important that the power supply is of the highest precision, unlike that for the
semiconductor detector. The high voltage power is supplied via an extra high tension
(EHT) high voltage cable.
The amplification of the preamplified NaI(T1) detector output proceeds in much the
same way as that of semiconductor detectors.
Signal Processing and Output
The output pulses from the amplifier are converted to a digital number by an
Analogue to Digital Converter (ADC). The digital number is proportional to the
amplitude of the pulse at the input to the ADC. The performance of the ADC is
characterised by the speed of the conversion, the linearity of the conversion and the
resolution or fineness of the conversion. The resolution depends upon the number of
channels the ADC can subdivide into, typically up to 16284. The stability of the
46
ADC must be such as to ensure that a pulse of constant amplitude will be stored in
a certain single channel.
The ADC forms a key part of the Multi-Channel Analyzer (MCA) and determines its
performance. The MCA is a device used for recording and storing data which is then
used for displaying pulse height distribution measurements or spectra. The number
of channels available is usually a power of 2. By providing a large number of
channels, the width of one channel can be made very small and the resulting discrete
spectrum will be a close approximation to the continuous distribution. Therefore, if
at least 4 channels are required to be over the Full Width Half Maxima (FWHM), one
would require at least 100 channels for a detector with a 4% energy resolution.
Similarly, for an energy resolution of 0.4%, 1000 channels are required.
Once a pulse has been processed by the ADC, the analyzer control circuits seek out
the memory location corresponding to the digitised amplitude stored in the address
scaler, and the location is incremented by one. A plot of the content of each channel
(number of pulses) versus the channel number will be the same representation of the
differential pulse height distribution of the input pulses.
An MCA also incorporates an input gate which blocks pulses from reaching the ADC
during the time it is busy digitizing a previous pulse. Inevitably, during times of high
count rate, some fraction of the input pulses will be lost to dead time. Hence, any
attempt to quantitatively measure the number of pulses presented to the analyzer must
take into consideration the dead time. This is remedied by an internal clock pulse
which is routed through the input gate and stored in channel zero. The number of
clock pulses being blocked by the input gate must be the same as those signal pulses
being blocked. The number of pulses collected in channel zero is a measure of the
live time.
To further ease the congestion through the ADC, the input pulses are presented to a
Single Channel Analyzer (SCA) which has input limits allowing pulses through to the
ADC of certain amplitude only. These limits are set by the Lower Level of
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Discrimination (LLD) and Upper Level of Discrimination (ULD). Thus, the very
small noise pulses at one end and the very large pulses at the other are excluded and
never reach the ADC. Failure to cut out the larger input pulses when operating at
high fractional dead time, due to high pulse rate, will lead to spectral distortions
because there is a greater probability that input pulses will arrive at the gate just as it
is opening or closing.
Graphical display of the channel number x versus channel content y is displayed on
an oscilloscope to give the spectrum. As MCA's now form an integrated part of
personal computer systems, the spectral characteristics are readily displayed on the
monitor.
3.4 SPECTRAL CHARACTERISTICS
This discussion is a summary illustrating the spectral characteristics and consequences
of scattering within the detector, detector can, surrounding air and the source itself.
It is referenced from: Adams and Dams (1975), Knoll (1979, 1989) and Shafroth
(1967).
Figure 3.3 shows a schematic representation of a gamma spectrum of a single photon
energy emitting radionuclide such as ' 37C or 4°K. Although figure 3.3 is perhaps
typical of a NaI(T1) detector, this discussion is relevant to semiconductor detectors.
The photo-peak or full energy peak is the result of primary (unscattered) photons
interacting wholly with the detector crystal resulting in complete absorption. The
width of the photopeak is usually described in terms of the full width at half maximum
(FWHM) and determines the energy resolving characteristics of the detector. The size
of the photopeak is a function of source geometry as well as upon the size of the
detector. The smaller the detector, the fewer the number of photons interacting wholly
with the crystal, resulting in a larger scattered Compton contribution to the spectrum.
The Compton continuum is made up of the Compton edge, the back-scatter peak and
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Figure 3.3 Schematic representation of gamma ray spectrum observed from a pure
source such as 137Cs or 4°K.
the accumulation of photons which have undergone many scattering events. The
continuum is made up of scattering events from within the soil profile, air pathway,
the detector can and crystal. The Compton edge is in a characteristic position away
from the photopeak. It represents the maximum possible energy an electron can
possess after a single Compton interaction within the detector crystal or can. The
shape of the continuum is also characteristic of the detector material. If the mean free
path of a photon is much greater than that of the dimensions of the crystal, then the
photo fraction (photopeak area/total area) will be very small. If the detector crystal
is large compared to the photon mean free path, then the photo fraction will be larger.
Thus the size of the photo peak and Compton continuum is also a function of crystal
size. When pair production is prevalent (ie. photon energy > 2m0c2), a double escape
peak will develop at a point (hv - 2m 0c2) in the spectrum of small detectors because
of the escape of both annihilation photons without further interaction. If one of these
annihilation photons is totally absorbed, this will result in a single escape peak at (hu -
moc2).
As the source is buried further into the soil, or the detector is raised to increase the
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air path-length, or the soil atomic number Z and density change, the proportion of the
scattering within the continuum associated with the soil and air pathway increases
relative to that associated with the detector can and crystal itself.
The valley area between the Compton edge and the photopeak has two contributions:
i) At medium energies, the possibility of multiple Compton scattering in the detector
followed by escape of the final scattered photon can lead to total energy deposition
greater than that expected for a single photon interaction. This contribution is likely
to be directly proportional to the size of the photopeak.
ii) Forward scattering in the soil profile, air path-length and detector can. This is due
to Compton scattering within the lower Z media such as soil, water and air. Thus as
the source is effectively buried, there is a higher probability of Compton scattering as
the photon leaves the source leading to a lower energy secondary photon which gives
rise to an event in the continuum, which may include the valley between the
photopeak and the Compton edge.
Other factors can complicate the spectral response characteristics, and these are
summation effects and effects of surrounding materials. Summation effects are
additional peaks caused by the coincidental interaction and detection of two or more
gamma ray photons. This can be caused by: i) isotopes which emit multiple cascade
gamma rays in which the life time of the intermediate state is so short that they are
emitted in coincidence and deposit their energy in the detector in a time that is short
compared with the response time of the detector, ii) the accidental combination of two
separate events in a time that is short compared to the resolving time of the detector.
This chance coincidence increases with increasing counting rate.
The summed peak from these two possibilities will be observed in the spectrum at a
point which coincides with the sum of the two individual gamma-ray energies. The
size of the summed peak will have an intensity proportional to the square of the
counting rate. A continuum will also develop due to partial interactions with the
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detector.
The effects of surrounding materials on detector response have been discussed with
reference to the detector can. However, to reduce background, most gamma ray
detectors are shielded by high Z material such as lead. However, lead shielding
provides a secondary effect as a consequence of the gamma photons from the source
interacting with the shielding. Photoelectric absorption by the shield or other materials
surrounding the detector can lead to the generation of a characteristic X-ray which
may reach the detector. If the Z of the material is high, then a characteristic X-ray
(e.g. lead X-ray) photon will be relatively energetic. A graded shield is therefore
ultimately required to absorb these X-ray contributions to the spectrum. In addition,
for high primary gamma photons, annihilation radiation may be significant resulting
in a peak at 511 keV in the spectrum due to the detection of these secondary photons.
The backscatter peak is a consequence of scattering within the source, air path and can
around the detector crystal. As the scattering angle increases there is a tendency for
the resulting photon energy interacting with the detector to tend towards 180-200 keV,
irrespective of the original primary photon energy.
3.5 GAMMA RAY SPECTROSCOPY - LABORATORY SET UP
3.5.1 Detector Configuration
Laboratory analysis of soil samples benefits from the ability to use: a) accurate
calibrations for given container geometries; and b) long counting times to determine
activities to high degrees of precision where required. Long counting times enable
many low gamma yield photopeaks to be detected for which high resolution gamma
spectroscopy is suited. Hence the discussion is concentrated around high resolution
HPGe and Ge(Li) detectors.
The typical solid state detector configuration in the laboratory is illustrated in figure
3.4.	 HPGe and Ge(Li) detectors require cooling to 77 K (liquid nitrogen
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temperatures). This reduces the detectors' portability and they are thus most suited
for laboratory operation, although smaller dewars are now available to aid portability.
3.5.2 Background Reduction and Subtraction
The typical detector radiation background is made up of approximately 30% cosmic
radiation, 60% from shielding materials, and 10% from radioactivity from within the
detector and other contributions (Kaye et al 1973). Lead is conventionally used for
the construction of low background shielding for laboratory based gamma
spectroscopy. It has a high density and atomic number with photoelectric absorption
predominating up to 500 keV. Lead also absorbs higher energy external background
sources efficiently and thus only a few centimetres of lead will provide a significant
reduction in the background of many gamma ray detectors. Lead is also reasonably
useful in removing many cosmic components from the background, although as
thicknesses increase beyond 10 cm there is an appreciable increase of secondary
radiations and lead X-rays caused by the interactions from cosmic and primary
photons with the lead itself. This is reduced by lining the inside of the lead castle
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with copper and tin plate.
Prior to analysing spectra from samples counted within these shields, net photopeak
areas from a previously recorded background spectrum are subtracted from the sample
spectra before quantitative analysis is performed on the photopeaks of interest.
3.5.3 Spectral Analysis
Given that laboratory conditions are constant (ie. low and constant background
radiation and constant detector to source geometry), interpretation and analysis of
spectra is simplified. For the operation and data processing of the HPGe and Ge(Li)
detectors and data the Canberra Spectran AT CISE 525 and Ortec Maestro 2 software
were used. The software runs on IBM PCs (or clone) and reads information from the
MCA card.
Both sets of software are able to search for and identify photopeaks in the spectrum.
However, the program is limited in that in order to identify a peak clearly, the
minimum separation required between peaks is about the FWHM. Peak identification
also depends upon relative peak intensity, data statistics, and the smoothing applied.
The gamma ray intensities are determined from the full energy peak areas by summing
the pulse height spectra after the underlying background continuum has been
subtracted. The background is approximated by averaging the data either side of the
peak and linearly interpolating between the averaged points. The standard deviation
of the photopeak area is calculated with Poisson statistics and includes background
contributions.
Following peak location and energy identification, a library is consulted where gamma
ray energies are matched with nuclide names. Also, information on gamma ray yields
and half lives, as well as additional gamma rays that must be found in the spectrum
to confirm the presence of a radionuclide, are provided by the library file. A
radionuclide analysis report is then provided in which peak activities and their
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appropriate radionuclide associations are listed. After background subtraction, and
with the appropriate efficiency calibration, the radionuclide activities can be calculated.
3.5.4 Energy Calibration
In order to identify the peaks within the spectra, the pulse height scale has to be
calibrated in terms of gamma ray energy. The Canberra Spectran-AT software used
to run the laboratory based HYGe and Ge(Li) detectors enables a quick and efficient
energy calibration to be carried out either manually or automatically. This section
illustrates the theory of energy calibration.
The energy calibration procedure for the laboratory based detectors enables three sets
of calibration coefficients to be generated: a) energy as a function of channel number,
b) FWHM as a function of energy, and c) photopeak low energy tailing as a function
of energy.
These parameters are determined by making a weighted least-squares fit of the
modified Gaussian function to the pulse height data for each peak. The calibration
coefficients are determined using the following polynomial functions:
a) Energy versus channel:
E = A 1 .C2 +A 2 .0 +A3	 (3.1)
where:
E = energy in keV
C = channel number
A = the non-linearity in keV/ch2
A 2 = the gain (or slope) in keV/ch
A 3 = the offset in keV
b) FWHM versus energy:
F.A2 = B 1 .E2+B2 .E+B3
	 (3.2)
where in addition to the above:
F FWHM in channels
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B 1, B2, B3 = coefficients determined from fit
c) Peak tailing versus energy:
T.A2 = K1.E+K2 	 (3.3)
where in addition to the above:
T= tailing parameter in channels
K1, K2 = coefficients determined from fit.
For the best results energy calibration sources that produce intense well defined peaks
spaced uniformly over the entire range of interest should be chosen, e.g. 152Eu.
Peaks are sought manually and appropriate energies allocated to their mean channel
number. Because the energy - channel number relationship is not quite linear, more
than two photopeaks are required for identification. A manual energy calibration is
required if drift occurs such that the software is unable to identify the energy peaks.
3.5.5 Efficiency Calibration
The efficiency calibration is required to determine the detection efficiency of the
HPGe or Ge(Li) detector as a function of energy. Any measurement of the absolute
emission rates of gamma rays requires knowledge of detector efficiency. Variations
in detector dimensions and the detector active volumes, along with long term changes
in charge collection efficiency, can lead to drifts in detector efficiencies and require
that efficiency calibrations be carried out periodically for an individual detector. Such
drifts are periodically checked by counting a laboratory or international standard.
Absolute efficiency calibrations are carried out for particular container geometries and
soil type so that the calibration is valid for the sample whose radionuclide activities
are being measured. To maintain the integrity of a particular absolute efficiency
calibration, the container geometry and soil type must be identical.
For a given source detector geometry, the absolute efficiency of the detector varies
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with photon energy. This is due to the mean atomic number of the detector material
and containment material and window thickness, the effective atomic number of the
soil, and the effects these have on absorption and scattering of photons. Thus to
determine this variation of absolute efficiency with energy, a range of photo peaks is
required.
For the absolute efficiency calibration of detectors, an Amersham International,
QCY44 with the addition of 'Am liquid radionuclide spike was used to spike blank
soils. This gave a range of energies and activities shown in Table 3.1.
Table 3.1 Showing Details of the QCY44 Mixed Radionuclide Spike + 241 Am for
Efficiency Calibration, l' February, 1991
Nuclide
Gamma
keV
tm
days
Gammas per second
in solution
per gram	 per ml
Error
%
241Am 59.6 1.5785x105 159.0 3.1
109Cd 88.03 462.6 638 598.8 3.2
57Co 122.06 271.79 586 550.0 1.9
D9Ce 165.8 137.64 705 661.7 1.9
203Hg 279.2 46.595 1987 1865 2.2
" 3 Sn 391.69 115.09 1021 950 4.2
"Sr 514.0 64.849 3956 3713 2.2
137Cs 661.64 1.102x104 2433 2284 3.0
88y 898.0 106.63 6228 5845 3.8
6°Co 1173.21 1925.5 3355 3149 0.6
6°Co 1332.48 1925.5 3358 3152 0.6
88y 1836.01 106.63 6600 6195 2.7
For spiking soils the spike was diluted using the Amersham recommended technique.
1 ml aliquot of the QCY44 spike was taken and diluted with 1 ml of N441 diluent
(carrier solution) and 8 ml of 4 ML HCL. This was carried out by calibrating a
pipette carefully by weighing its delivery of distilled water. The dilution was
determined to be within 2 % accuracy by pipette calibration.
Two approaches were used for spiking soils. The main approach will be referred to
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as the wet method approach whilst the second, used ultimately to verify the first, is
referred to as the dry method.
The wet technique. The container geometries to be calibrated were filled with the
appropriate dry soil. The soils were free of anthropogenic radionuclides. The soil was
weighed and then placed into 1 litre beakers. The soils were slurried by adding
distilled water and acetone to aid drying and thoroughly mixed. The carrier solution
was used to prevent "plate out" later and thus the loss of radionuclides on the sides
of the beaker.
A pipette was calibrated and 2 ml of the diluted QCY44 and 0.5 ml of 241 Am was
added to the slurried soil and well mixed. The soil was allowed to dry and
periodically stirred to ensure a homogeneous distribution of activity within the soil.
The weight of the soil was checked periodically until there was no further moisture
loss. This procedure was repeated three times and the reproducibility of the
calibration for a given soil type was measured to rule out the possibility of "plate out"
of radionuclides on to the sides of the glass beaker and potential variations in pipette
delivery. Knowing the activity in the soil sample, the activity per gram of soil could
be calculated with appropriate error.
The dry technique. The dry technique involved pipetting a known quantity of spike
into the centre of a known quantity of soil in its final geometry. The spike was
allowed to dry and plate out into the surrounding soil. Once dry the soil was tumbled
and homogenised for several hours and then replaced in its container.
Figure 3.5 shows the variation of absolute efficiency with energy for a HPGe detector
and a Ge(Li) detector.
The contrast in the order of magnitude of 241 Am efficiency calibration between the two
detector types is due to the predominance of the photoelectric absorption below 150
keV. The mass attenuation coefficient is directly related to the effective atomic
number (Z eff) of the material through which it is transmitted. Hence the reduction in
the absolute efficiency of the Ge(Li) system, which has an Al window, with respect
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Figure 3.5 The Absolute Efficiency Curves for a Ge(Li) and HPGe Detector.
to the HPGe detector, which has a beryllium window. This is shown in figure 3.5.
Also, the Ge(Li) detector crystal has a thin dead layer in the surface of the detector
which will cause extra absorption of lower energy photons prior to detection.
Two polynomial equations are fitted to determine the efficiency between the
calibration points. The polynomials are fitted about the cross over point which is
close to 200 keV for the Ge(Li) detector. The common point chosen is 165.8 keV.
Quality assurance is provided by verifying the calibration with IAEA and NBS
standard reference materials.
3.5.6 Quantitative Analysis
Having determined the net peak area for the radionuclide of interest, the activity per
unit mass of sample (Bq kg- ') is calculated from equation 3.4.
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A . exp ( 0.693 . Td I Tw2)
-  
Y. e . M
where:	 A	 =	 peak area
Td 	=	 decay time
TI12	 =	 isotope half life
T1	 =	 live collection time
Y	 =	 gamma ray yield
E	 =	 absolute detection efficiency
M	 =	 sample mass
Given the activity per unit mass, conversion to activity per unit area in the field
sampled ./a (Bq/m2) for each sample depth interval, is given by equation 3.5:
Ia
 - I.M	 (3.5)
where:	 total dry mass of soil sample collected
field surface area of sample collected
3.6 GAMMA RAY SPECTROSCOPY - IN-SITU USE IN THE FIELD
This section concentrates on field based measurements using a Bicron 3" x 3" NaI(T1)
crystal and photomultiplier coupled with a Canberra Series 1O' MCA. The benefit
of using a NaI(T1) crystal is the far higher detector efficiency. Thus relatively large
amounts of information can be collected in a short space of time. However, the reso-
lution of about 8% (662 keV) requires spectral deconvolution or stripping for analysis.
The use of detectors for in situ application involves exposing the detector to changing
environmental parameters which may affect the detector response. For example, the
source - detector geometry varies with detector height and orientation, which is
discussed separately in section 3.8. Also, other environmental factors such as
radionuclide spatial and horizontal distribution within the soil profile affect the
detector response, as do topographical geometrical effects. These all have significant
influences on calibration and are discussed in the following chapters. In addition,
because the detector is exposed to constantly changing conditions, such as temperature
which is interrelated with the high voltage power supply, the gain settings have to be
(3.4)
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constantly monitored to maintain the energy calibration.
Recent developments have been made in the application of HPGe detectors to
environmental gamma ray spectroscopy. The equipment used for this part of the aerial
survey system is discussed in section 3.7. Here the discussion is focused on the
detector instrumentation, operation and transfer of data from MCA to personal
computer and the processing of the data to obtain in-situ based inventory estimates.
3.6.1 Detector and MCA set up.
12" (340 n-rn
Figure 3.6 The Bicron 3" x 3" NaI(T1) Detector - PMT - Preamplifier
Configuration
A Bicron 3"x3" monoline Nal detector was used for all field based work. The
photomultiplier tube (PMT) was coupled directly to the crystal and is part of a
hermetically sealed unit. At the end of this configuration, as shown in figure 3.6, is
a preamplifier. The crystal is partially surrounded by graded MgO and canned in an
0.5mm thick aluminium. The gain across the PMT is a sensitive function of the
applied voltage across the PMT and interdynode voltage can be adjusted by gain or
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potentiometer controls.
The preamplifier is primarily used for signal processing (pulse shaping) of the PMT
signals prior to sending the pulses to the MCA, whilst little signal amplification is
usually required. The detector preamplifier is connected to the MCA via a
preamplifier earthed cable, a coaxial signal cable and an extra high tension (EHT) high
voltage cable. The Series 10 MCA incorporates a rechargeable high precision power
supply in the unit along with a computer for spectral analysis, manipulation and a
programmable sequence in which the detector can be set up to make a series of
recordings and data transmission sequences. High voltage power output up to 1250
V to the PMT, preamplifier gain, SCA lower limits and upper limits and the number
of channels per spectrum are also controlled via the computer. The poorer resolution
associated with a NaI detector requires fewer channels per spectral recording, typically
512 channels per spectrum. This is also common to other users of environmental NaI
gamma spectrometers (Grasty et al 1985, IAEA 1976).
The Series 10 MCA has a maximum of 4096 channels available, and thus with 512
channels per spectrum, is able to store up to 8 spectra. Once the memory is full, the
spectra can be transferred to cassette or to a personal computer.
3.6.2 Regions of Interest or Windows
In addition to the recording of full spectral information, regions of interest are also
recorded. The regions of interest data are ultimately used for photopeak processing
and quantification. The photopeaks (full energy peaks) are defined in a similar
manner to those recommended by the IAEA (1990). The extension of this method to
a wider selection of radionuclides probably provides the most rapid means for ultimate
quantification.
The selection of the regions of interest or windows is based upon energy resolution
and small potential changes in energy calibration (gain shift). The window is set up
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Table 3.2 Showing the 8 Regions of Interest for Series 10 +
 MCA and 3"x3"
NaI(T1) Detector, compared with the IAEA (1990) recommended windows.
No.
Channel
Numbers
Peak
Position
Radionuclide and
Energy Range keV
IAEA (1990)
keV
1 97 - 131 114 'Cs	 (563.3-760.7)
2 126 - 150 138 134Cs	 (646.4-769.6)
3 218 - 267 243 4°K	 (1332-1606) (1370-1570)
4 267 - 313 290 2"Bi	 (1620-1900) (1660-1860)
5 383 - 470 427 208T1	 (2350-2884) (2410-2810)
6 82 - 490 > 450 keV
7 199 - 228 214 4IAr	 (1193-1367)
8 14 - 82 15 - 450 keV
around each photopeak or energy range which is easily achieved with the MCA. Eight
regions of interest are recorded with each spectrum as illustrated in table 3.2. The
final widths of the windows chosen are slightly wider than those recommended by the
IAEA. However, experiments in later chapters show their usefulness, and they are
used throughout the duration of this research.
The total sum of the channels within each window is associated with each photo peak
of interest, the background contribution and the interferences caused by scattering and
interferences from overlapping photopeaks. Thus for quantification purposes, these
interferences have to be subtracted from the regions of interest data.
3.6.3 Background Radiation and Background Subtraction
IAEA (1976) defines the term background as the radiation which does not originate
from the lithosphere. Thus for a detector placed in the open, background should be
defined as the sum effect of cosmic rays, atmospheric activity and the radioactivity of
the measuring system itself.
The background of the 3"x 3" detector, PMT and preamplifier was measured with a
lead castle usually used for laboratory based HPGe detectors. The spectrum consists
principally of scattered cosmic rays, and activity from the NaI crystal ( 4°K, Ra and
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Th), container (U and Th) and the photomultiplier tube (occasional K and Ra
depending on glass) (Shafroth 1967). Scattered cosmic rays appear within the spectra
although they form a very small continuum across the whole spectrum.
The presence of airborne radioactive gases has to be monitored whilst carrying out
field surveys. 41 AI- is not normally a problem unless in the vicinity of a nuclear
reactor, but is easily detected by its presence in the spectrum (table 3.2). 222Rn and
its daughter isotopes 21413i and 214Pb are more difficult to account for. The daughters
are present as positive ions attached to airborne dust particles (aerosols), for which the
concentration and distribution are strongly influenced by atmospheric mixing
conditions as well as the underlying geology. However, rapid variations in their
concentrations rarely occur and even under the most favourable conditions, rarely
account for more than 5% of the background contribution (IAEA 1979).
3.6.4 Stripping Spectral Interferences
NaI(T1) detectors have a resolution (FWHM) of about 8% and thus the photopeaks
contain contributions from scattered higher energy photons and peaks from natural
decay series of 238U and 232Th. These influences are difficult to resolve without prior
knowledge of potential spectral interferences. For example, 20811 is measured to
represent 36% of the 232Th present. The window for 20811 is centred around the 2.62
MeV photopeak (figure 3.7). However, 208T1 has two further principal photopeak
energies at 510 and 580 keV. In addition, the 232Th decay series includes 212Bi (730
keV), 21 rs2rb (240 keV) and 228Ac (910 and 960 keV) as illustrated in table 2.1. These
all contribute to the spectrum by a factor directly proportional to the amount of 208T1
measured at 2.62 MeV. Similarly, 21413i forms part of the 238U of the natural series
and is measured at 1.76 MeV (figure 3.7). 214Bi has photopeaks at energies 610 keV
and 1.12 MeV. In addition, of the natural 238U series, 21 ..-•'en provides photopeaks at
290 and 350 keV also illustrated in table 2.1. 4°K is a simple example, where the
influence on lower energy regions of interest occurs purely as a result of scattering of
the primary photons at 1462 keV within the environment and within the detector. All
these photopeaks and their scattered secondary photons contribute to the total counts
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recorded in the windows illustrated in table 3.2.
Thus, to determine the net count rates within each window, the spectrum has to be
stripped through a process known as deconvolution. To measure the stripping ratios
238u, 232Th anda 401( sources are required. For this purpose a set of concrete calibration
pads is used as recommended by Grasty (1981), Diwborg et al (1981) and IAlwborg
(1983) and Diwborg eta! (1978b) and IAEA (1976, 1979, 1990, 1991). A set of four
concrete calibration pads was purchased from the Canadian Geological Survey. These
simulate the scattering of natural radionuclides from rock exposures.
The set of four concrete 1 rn2 pads includes one blank concrete pad while the others
are doped with "K and equilibrated U and Th (Appendix G). The background pad
was used to subtract the activity associated with the pure concrete in the pad and
surrounds from the doped pads. This leaves a spectrum associated with the doped
activity and its scattering from within a concrete matrix only. Figure 3.7 shows the
net spectra observed and the interferences each has within the working windows used.
Table 3.3 shows the net counts per second recorded within each window. For each
pad, the influence on the other windows is ratioed with respect to the window used
to measure that particular concentration. These ratios are given in table 3.4.
Table 3.3 Net Counts per Second within the Working Windows
137CS 134cs 40K 214Bi 208T1
Calibration Pad Ch.1 Ch.2 Ch.3 Ch.4 Ch.5
Potassium Pad 16.73 14.62 23.03 0 0
Uranium Pad 82.17 35.83 19.75 16.86 0.97
Thorium Pad 76.70 17.4 15.61 13.08 17.45
The stripping ratios for 137Cs and 134Cs are also given in table 3.4 and spectra shown
in figure 3.7. These were measured with point sources, which may not reflect the
scattering conditions observed in soils. The majority of the spectral interference
would appear to be from ' 34Cs upon 137Cs. However, 134Cs has a shorter half life than
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(3.6)
(3.7)
137Cs, and, when measured, tends to occur closer to the soil surface, thus scattering of
' 34Cs in the soil profile would be less than that associated with I37Cs.
The contributions to each spectral window are given in table 3.4. The net count rate
in each window can be determined by gaussian elimination or matrix inversion.
However, a simplified technique is used for the in-situ detector as given in equation
3.6 for primordial radionuclides and in equation 3.7 for anthropogenic radionuclides.
NTh = NThi
Nu = Niu - aNim
1	 1	 /
Nic = NK
 — 131n177, - yNu
Nc5137 = Arcs 137 — aNTh - bNu - cNic - dNics 134
hT/
C 134 — eNThi 	 l	 /	 i- fNu - gNK - hNc si37NCs 134 — / '	 s
where:	 Nth, N, 1, NK, No. 137 = stripped or true counts
N' ,,, N'u, N' K, N' c, 137 = measured counts
a, f3, 7, a, b, c, d, e, f g, h = the stripping coefficients
Table 3.4 Stripping Ratios for each channel.
"7Cs 134Cs 4oK 21413i 208T1
Calibration Pad Ch.1 Ch.2 Ch.3 Ch.4 Ch.5
Potassium 0.726 0.635 1 0 0
Uranium 4.874 2.125 1.171 1 0.058
Thorium 4.395 0.997 0.895 0.750 1
Caesium-137 1 0.0219 0 0 0
Caesium-134 1.871 1 0.026 0 0
However, as suggested by Potts (1978), the uncertainty of the final stripped count rate
can be strongly influenced by the stripping ratios and the relative intensities of the
signals within that window. For example, if the 137Cs signal is weak whilst the natural
series contribution is strong, then the uncertainties on the 137Cs net count will be
dominated by the natural series contribution. This is discussed further in section 3.9.
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3.6.5 Full Spectral Stripping
Full spectral stripping is also undertaken with spectra collected with the 3"x3" NaI(T1)
detector. A simple procedure, similar to that demonstrated for window stripping, was
adopted. However, here the pure spectra measured from concrete calibration pads are
stripped out of composite spectra collected in the field in the proportions determined
from the net full energy peak counts. The pure thorium spectrum is stripped out of
the spectrum first, leaving the uranium window minus the thorium contribution. The
Uranium contribution is then stripped out leaving the K window net U and Th. This
is continued appropriately for K, and 134Cs leaving the ' 37Cs spectrum. Some residual
contribution will remain from the other radionuclides, as clearly the scattering
characteristics associated with the concrete sources do not represent exactly
environmental conditions. However, this is likely to provide a systematic residual
contribution.
3.6.6 Sensitivity Calibration
The calibration of an in-situ detector forms part of the theme of this thesis. There are
three possible approaches to the calibration of in-situ gamma spectrometers: i) through
analytical solutions to photon transport equations (section 3.8), ii) through
measurement of the activity of a known spiked area (e.g. concrete calibration pad), and
iii) through comparison with laboratory derived results of soil sample activities
sampled from within the field of view of the detector. This ultimately forms a route
for the verification of the first two approaches and the problems involved are
discussed in the following chapters.
3.6.7 Software
The software used to process the spectra was developed in-house by Scottish
Universities Research and Reactor Centre (SURRC). The spectra and regions of
interest are transferred to PC and stored on disk via a data logging program. The
regions of interest data are then collated to form summary files of regions of interest
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data. The software then subtracts the recorded background associated with each
window in the summary file data to produce a net data summary file. The program
then strips the data with the appropriate stripping coefficients and then converts the
data into activities using the appropriate calibration coefficients.
All data are recorded on disk at each stage of the calculation for backup and for
quality assurance. Should the windows of interest require changing, then the old
spectra can be reintegrated to create new summary files.
3.6.8 Field Work Procedure
The detector was supported from a tripod so that the crystal was at 1 m above the
ground. The counting live time was typically between 500 and 1000 seconds
depending upon the count rate to minimise counting errors. The operator stood at a
distance from the detector so as not to interfere with its field of view. Once the
spectrum was collected, it was stored along with the recording time and date into one
of the eight memory segments in the series 10 Plus MCA. It could then be reused to
collect another 7 spectra. The regions of interest data and full spectra were then
transferred to disks via a computer, such as a lap top computer operating in the field,
using SURRC data logging software. The regions of interest data and spectra were
then processed as discussed.
3.7 GAMMA RAY SPECTROSCOPY - AERIAL SURVEY
This section concentrates on the aerial survey equipment at SURRC and its operation.
It also illustrates the current and future capabilities of HPGe detectors used in parallel
with large volume NaI detectors. The basic system comprises a large volume NO
detector, custom built high precision power supply, data logging computer and
navigational equipment. The operation of the equipment in aerial survey mode and
the interpretation of the data has further complications over and above those
experienced with in-situ gamma spectroscopy. Here the stripping ratios and
calibration of the detectors are height dependent. This aspect is discussed in the
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Figure 3.8 The SURRC Aerial Survey Equipment (not drawn to scale)
The current version of the system is shown in figure 3.8. It is able to operate up to
two 16 litre detectors and two HPGe detectors simultaneously (or 4 IIPGe detectors
via two summing amplifiers). The whole system Lan be mounted on a custom built
shock mounted base plate and installed into an Aerospatial Squirrel helicopter within
one hour for emergency response purposes. Each 16 litre detector box (detector 1 and
2 in figure 3.8) is made up of an array of four prismatic 10x10x40 em detectors
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typical of those used by geological exploration companies since the 1980's. The
detectors are housed in GRD 1500 gamma ray detector boxes which are designed to
provide physical and thermal shock protection. Each detector is viewed directly by
a 3" diameter photomultiplier tube, resulting in individual resolutions of about 8% at
662 keV. A pre-amplifier is also attached to each detector through which the gain and
focus of the photomultiplier can be individually adjusted. The four detectors are
connected by a crystal pack Printed Circuit Board (PCB). The PCB's primary purpose
is to distribute cleanly the necessary interconnections of power and signals required
for each detector which includes low voltage power to the preamplifiers and high
voltage to the photomultipliers. A regulator in the PCB also filters the signal before
sending the pulses back to the Multi Channel Buffers (MCB's) via a signal cable.
The detection system is also able to operate two HPGe detectors. There are two
principle types of portable HPGe detector available for use with the detection system.
The first type are EG&G Ortec GMX (gamma-X) photon detectors which are n-type
crystals of high purity germanium which permit the entire outer surface to be ion
implanted. The use of a thin ion implanted wrap-around window allows the detector
to be used effectively at photon energies as low as 3 keV. It is also able to be used
up to 10 MeV, similar to other coaxial germanium detectors. These detectors have 50
% relative efficiency and are thus useful for aerial survey applications. To obtain the
full benefit at low energies the detector is supplied with a large beryllium window.
As an alternative, the system is being developed to operate up to four EG&G n-type
LO-AX photon detectors for in-situ and aerial survey applications. These detectors
have a shorter axis but a larger surface area and are particularly useful for low energy
photon use with a superior energy resolution. These LO-AX HPGe detectors also have
a thin ion-implanted front contact and a useful energy range of between 3 keV and 1
MeV. Both types of HPGe detector are cooled with portable dewars providing a
useful operation time of between 48 and 72 hours. Apart from the size of the dewars,
their configuration is very_similar to that illustrated in figure 3.4. For the purposes of
aerial survey, the HPGe detectors have to be mounted on vibration damping mounts.
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The power for the NaI(T1) detectors is supplied by a custom built high precision EHT
high voltage power supply and low voltage power supply which is fed to the PCB via
a single earthed EHT power cable. This system also supplies power to the N1M bin
which powers the portable HPGe detectors. The NIM bin itself contains two 5 kV
bias supply units and two linear amplifiers. These nucleonics can be powered from
240 V ac mains supply, 28 V dc aircraft supply or by their own in built 24 V battery
supply. The custom built power supply control unit contains inverters and
transformers which provide the output required to power the computer and display,
navigation system, detector system and/or recharge of its own batteries. The signal
pulses from the detectors are fed into EG&G multi channel buffers (MCB's). The
MCB's are housed in the back of the PC, which along with MCA emulation software
transforms the PC into a versatile multichannel analyser.
The height of the detector is fed into the computer from the aircraft's radar altimeter.
The position is recorded automatically from a Global Position and Navigation System
(GPS-Navstar). The system tracks up to 8 satellites from an antenna position on the
aircraft's tail. By monitoring known time pulses sent out from satellite atomic clocks
at known positions and times, it calculates its own position in latitude and longitude
with a nominal accuracy of less than 100 m. By entering in way points, the GPS
system can be used to help navigate the aircraft in straight lines.
The majority of this research is based upon the use of Nal(T1) detectors as the
incorporation of HPGe detectors into the system represents a recent development.
Thus the discussion will continue by focusing on the use of the 16 litre NaI(T1)
detectors.
3.7.2 Regions of Interest or Windows
As with the in-situ detector, the use of regions of interest represents an extension of
the IAEA (1990) method. In addition to the reasons discussed in section 3.6.2, the
windows chosen must be tolerant of resolution degradation which can occur with
multicrystal detector arrays through small gain shifts. In practice gain shifts of 1 %
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Table 3.5 Showing the 8 Regions of Interest for Series Aerial Survey NaI(T1)
detector array, compared with the IAEA (1990) recommended windows.
No.
Channel
Numbers
Peak
Position
Radionuclide and
Energy Range keV
IAEA (1990)
keV
1 95 - 130 110 137Cs	 (544-761)
2 125 - 150 138 134Cs	 (730-885)
3 220 - 270 240 401(	 (1319-1629) (1370-1570)
4 270 - 318 294 214r1 iJ1	 (1629-1927) (1660-1860)
5 390 - 480 435 208T1	 (2374-2932) (2410-2810)
6 82 - 490 > 450 keV
7 14 - 82 15 - 450 keV
stability or better are observed and the extra window width serves as a quality
assurance aid. The windows used are given in table 3.5.
3.7.3 Background Subtraction
The background of the airborne detector also includes the radiation emanating from
the aircraft and its contents. Background measurements are made by hovering over
large expanses of deep water and/or by making measurements at above 1500 - 2000
feet where the terrestrial component to the background radiation is negligible.
Summary files are formed and the mean background contribution to each region of
interest is calculated and used in the data processing procedure. These background
measurements are repeated on a daily basis to measure the variation in airborne 222R11
contributions.
3.7.4 Stripping Spectral Interferences
As with field based gamma spectrometry, the stripping of net spectral data is required
to determine the true count rate associated with the window of interest. For aerial
survey, true window count rate was determined by multiplying the net window count
rates with the corresponding inverse stripping coefficient.
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However, as the detector is raised above the ground, the increased pathlength changes
the scattering conditions considerably from those associated with concrete calibration
pads. Attempts to account for this changed behaviour have involved the simulation
of the air-pathlength by addition of plywood absorbers between the source and
detector (Grasty, 1981). This is explored further in chapter 7 and Appendix J.
3.7.5 Height Correction Coefficients
As the detector is raised above the ground, the source detector geometry changes and
the scattering pathlength also increases. This results in changes in the photopeak
response and has to be corrected for. Thus by raising the detector above a uniform
homogenous plane, the change in detector response can be calculated. All aerial
survey measurements are corrected to a nominal altitude (e.g. 100 m).
From Kogan (1971) and Grasty (1971) the physical form of the height correction
coefficient can be approximated by a simple exponential. For each of the window
stripped count rates, the coefficients (a) can be approximated by linear regression of
the exponential relationship. These are used to determine the corrected detector (N)
response for 100 m altitude (N100) from equation 3.8:
Nx = No - e-ax
N100 = N0 • e-lwa
N100
	  - e
a(x - 100)
Nx
The calibration factors are determined for a nominal 100m altitude.
In practice a uniform distribution of activity across a plane rarely exists in the
environment and thus changes in the spatial distribution of activity ideally need be
corrected for in the determination of the height correction coefficient.
(3.8)
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3.7.6 Calibration
The means to achieve an optimal calibration is one of the issues addressed by this
thesis. As discussed in chapter 1, historically, the solution to calibration of geological
exploration equipment was to use concrete calibration facilities, with calibration areas
constructed with similarly calibrated field based spectrometers (IAEA 1976, 1979,
1990, 1991, Alexander and Kosanke 1978, and LOborg et al 1978a,b). However, no
anthropogenic radionuclide concrete calibration facilities exist, which, in any case,
would be inappropriate due to the inherently different scattering conditions and source
distributions observed in the environment. Thus calibrations are based on comparisons
with soil samples. This latter approach to calibration is discussed in chapter 6 and 7.
An alternative method for determining calibration is to obtain analytical solutions to
photon transport equations. In addition full spectral response characteristics can be
modelled using Monte Carlo simulations (Allyson 1994). Given the random and
systematic errors imposed upon empirical calibration methods and the potential
systematic errors upon calibration simulations, calibration validation benefits greatly
from a mutual comparison between simulated and experimental data.
3.7.7 System Operation
The SURRC spectrometer, as illustrated in figure 3.8, has been developed for
experienced single person operation. The following is a discussion concerning the
operation of a single MCB. However, the system can operate up to four MCB's
simultaneously. The start up procedure involves input from the keyboard during
which the spectral response characteristics are checked through the MCB by the
operator. Thereafter, the datalogging program is initiated with choice of a root
filename which is common to data collected during the flight or flight line. This is
entered and automatically starts the first data acquisition period of the MCB (using the
appropriate integration time). The position (latitude and longitude) are read in, since
1992 directly from a GPS system along with the time of the positional reading. The
computer defines and opens the first filename. It reads in the detector's altitude from
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the aircraft's radar altimeter and averages it with previous readings whenever the
computer is not busy with other functions. Once the MCB has finished counting, the
computer captures the data, records the time, clears and restarts the MCB. The
computer updates the positional estimate from the GPS and interpolates a mean
position for that data set. The full spectrum is recorded and labelled with times, mean
position and altitude in the open file on either hard disk or floppy drive. The
computer then integrates the spectrum into 8 regions of interest (ROI) and stores it in
a compressed form. The ROI data are displayed on screen. The detector gain is
monitored by measuring the symmetry or otherwise of the 4°K peak with respect to its
required position, which is also displayed to the operator. The first file is then closed
and the computer selects the second filename and the recording procedure with
position and altitude repeats itself until the required number of spectra have been
collected or the operator interrupts the program.
Once this is complete, summary files of the ROI data are created or are generated by
reintegrating from full spectra. The background is subtracted from the summary files
to form identically structured net summary files. These net files are then stripped
appropriately. The data are then normalised to 100 m altitude using the predetermined
height correction coefficients. The data are then converted to activity per unit area
(Bq m-2), activity concentration (Bq kg- 1 ), and dose rate (mGy a- ') based on a linear
relationship between ground based estimates from calibration sites and the altitude
corrected stripped count rates. Again the standard summary file format is maintained.
3.8 DETECTOR RESPONSE CHARACTERISTICS
3.8.1 Photon Fluence Equations and the Calculation of Fields of View of In-situ
and Aerial Gamma Detectors
There are two principle techniques of quantifying the circle of investigation. The first
is to use point sources (Cutshall and Larsen 1986) or spiked areas, with quantified
amounts of activity of known photon energy, and measure the signal with distance
from the detector to determine the detector response. The detector spatial response is
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determined by integrating these responses over the area represented by each radial
distance. However, it is difficult to adapt this technique experimentally to allow for
the effect of source burial.
The alternative and more efficient technique is to solve photon transport equations
analytically. Beck et al (1972), Anspaugh et al (1972), Helfer and Miller (1988),
Sowa et al (1989) and ICRU (1993) discuss the fundamental quantities used for in-situ
gamma spectroscopy. The parameters are: N the photopeak count rate (s-'), A the
activity per unit area (Bq ni2), per unit volume (Bq m-3) or per unit mass (Bq kg - ') in
the soil, and kir the fluence rate (cm-2s-1). The calibration coefficient at some energy
E is defined as N/A, which is given by:
N N
71	 No ill A
where:
N/N„ is the angular correction factor of the detector at energy E for a given
source distribution in the soil. This is measured relative to 0 = 00 or 0 radians,
and is dependent upon detector shape as well as the source distribution profile
within the soil.
N,//J is the full energy peak count rate per unit fluence rate for a plane parallel
beam of photons at energy E, that is normal to the detector face. This is
purely dependent upon detector characteristics.
0/A is the number of photons arriving at the detector unscattered due to a
gamma transition for a particular nuclide, of energy E. This is purely
dependent upon the source distribution characteristics within the soil.
Of importance from this photon fluence equation is the determination of the circle of
investigation. The contribution of fluence rate to a point above the ground is given
by plotting the fraction of the total fluence rate (,1i/A) with radius. By incorporating
the detector angular correction factor, the circles of investigation can be calculated.
(3.9)
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3.8.2 Analytical Solutions to Photon Transport Equations
One solution for calculating the circle of investigation was given by Duval et al
(1971). Duval assumed that the signal originated from an infinite source depth, the
detector was spherical with uniform angular characteristics and that the mass
attenuation coefficient was dependent upon photon energy though, for the purposes of
this discussion, independent of the chemical composition of air, soil and rock. Duval
defined the observed photopeak intensity as dC in equation 3.10:
--vpah	 R-h
Aey -11P,cosedC =
	
• e	 • e	 '° sine d0 OdR
47c
(3.10)
where A = detector cross-sectional area
E = detector efficiency for a particular photopeak energy
I = is the number of gamma's emitted per cubic meter of source material
A = mass attenuation coefficient
pa = density of air
Ps = density of soil or rock
Detector
Figure 3.9. The Spherical Coordinate System for In-situ Gamma Ray Detector with
Integration limits RIR00, 0 107c/2 and 0(1).27c for Field of View Calculations.
Integrating this with limits illustrated in figure 3.9 gives equation 3.11:
... 2it it/2
	 -11(Pa-P)1 f-p.p,12
sin 0 a ck I )c/Rcos0C - AeY r f	 e	 • e
47c JR1 0	 01
(3.11)
Duval et al solved this by integrating with respect to R, q5 and 0 to give equation 3.12
where X = 0.5772157. The equation gives the count rate outside a dish-shaped volume
77
-ppah
AEYdC(h,z,0 1) -	 '
s
 • e	 s • cos0 [e c's°
p
p ah
cos 0/
(3.12)
psh
	
p, p a h	 cosei r(-1)n
•	 + log( 	
cos0 / n1	 nn!
within the circle of investigation of radius r = h tan el. The determination of the
yield from within this volume is give in equation 3.13:
(3.13) C(h,r) = C(h,0,0) - C(h,0,0 1) - C(h,z,0) + C(h,z,01)
Detector
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Figure 3.10 The Hatched Area Illustrates the Volume of Source Material which is
given from Equation 3.12
This represents the volume shown in figure 3.10. As we are looking at the relative
detector response with distance, the absolute detector characteristics of A, e, 7 can be
cancelled out of the analysis. An example of the results is illustrated in figure 3.11.
However, the use of this solution is limited to geological applications. It assumes a
photon flux from an infinite source depth, which can only be realistically applied to
exposed geological rock masses. In reality, rock has an overburden, and for
anthropogenic studies the activity distribution forms either a planar sheet on the
surface of the soil or, as in most cases, exhibits a depth distribution profile within the
soil, be it exponential or . otherwise. Also the detector geometry is assumed to be
uniform and thus the angular response variation negligible. Even though biwborg and
Kirkegaard (1974) illustrate the angular response to be unimportant for energies above
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Figure 3.11 Circles of Investigation for 401( after Duval . et al 1971.
Since Duval et al's (1971) paper, the problem of the mass relaxation depth of
radionuclides (Beck et al 1972; Dickson et al 1976; Helfer and Miller 1988) and the
importance of the angular response of detectors (Beck et al 1972; Grasty et al 1979;
Helfer and Miller 1988) have been recognised.
The application of the field of view calculations has traditionally been applied to 4°K,
214Bi anda Tl. The need to determine the field of view and detector response for the
anthropogenic radionuclides ' 37Cs, 134Cs, 1311 and even 241 Am, stimulated a development
of the application of this approach.
Allyson (1994) describes in addition the influence of the angular response of detectors.
Instead of integrating by parts, the circle of investigation of radius R is defined as COI
in equation 3.14.
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where C is given by 3.15 (Beck et al 1972):
cos()
(3.15)
= effective detection cross-section and its angular dependence
= Total gamma-ray path length = P.+ P,
= the reciprocal of the relaxation length of the assumed exponential-
distributed source activity with depth, cm-1
= mass attenuation coefficient in air
= mass attenuation coefficient in soil
= density of air
= density of soil or rock
= vertical depth from surface
= radius of circular area
= Activity
= no. of gamma-rays emitted per 100 decays
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Figure 3.12 The Increase in the Circle of Investigation with Platform Height for
13/CS, after Allyson (1994).
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Figure 3.13. The change in the field of view of a detector at 1 m height with
energy, after Allyson (1994).
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Figure 3.14 The change in the field of view of detectors at aerial survey height with
gamma ray energy, after Allyson (1994).
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Figure 3.15 The Influence of the Mass Relaxation per unit Area (g/cm 2) for a
Detector at 1 m Height, after Allyson (1994).
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Figure 3.16 The Mass Relaxation per Unit Area (g/cm 2) on the Field of View for
Detectors at aerial survey Height, after Allyson (1994).
The results from equations 14 and 15 are illustrated in figures 3.12 to 3.16. Figure
3.12 shows the increase in the field of view of the detector with increase in platform
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height with 90 % of the infinite yield originating from a circle of investigation of 9
m radius for a detector at 1 m height increasing to about 180 m radius for a detector
at 100 m altitude. The influence of photon energy on the field of view of a detector
is important at aerial survey altitudes as illustrated in figure 3.14, though clearly an
increase in photon energy has a negligible influence on the circle of investigation of
a field based detector at 1 m height (figure 3.13).
The source di3tribution with depth will clearly have a significant influence on the
circle of investigation. The distribution of anthropogenic radionuclides with depth is
often modelled by a single exponential relationship. Whilst this may provide an
approximation for fresh or nearly fresh deposition (ICRU 1993), this assumption will
break down rapidly as diffusion and migration processes acting upon the radionuclides
develop with time. Thus with time a more complex profile shape develops, such as
a subsurface maximum. A similar feature develops in coastal salt marsh environments
as a consequence of deposition of less active sediments over more active ones. Post
depositional processes may also serve to complicate this shape. Thus with time the
mathematical description of these profile shapes is complicated.
The exponential decrease in radioactivity with soil mass depth, equation 7.3, is
described by °tip or 131 , the reciprical of the mass relaxation per unit area parameter
(cm2 g-I ) (Beck et al 1972). This is discussed further in section 7.3. Figures 3.15 and
3.16 show the influence of the mass relaxation per unit area parameter on the circles
of investigation for a field based detector at 1 m height and an aerial survey detector
at 100 m altitude. Figure 3.15 shows the importance of the mass relaxation per unit
area with a field based detector. This is due to the increased photon path travelled
through soil due to the wider field with respect to detector height, observed as a large
solid angle O. For an aerial based detector, the distance travelled by photons in the
soil is not so great given the smaller 0, and thus the distribution of the source in the
soil is not as important. This is illustrated by comparing figure 3.15 with 3.16.
The effect of detector shape on the circles of investigation can be efficiently calculated
by Monte Carlo simulation. This is illustrated and discussed by Allyson (1994).
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However, for the purposes of this discussion, the influence of detector shape on the
field of view is not considered, particularly when other environmental factors involved
in empirical comparisons, such as sampling errors, are quite considerable (chapter 6).
Clearly the field of view of a detector is an important factor to be considered when
relating soil samples with in-situ detector measurements. The spatial averaging of
each detector measurement is not uniform and is dictated by several environmental and
physical parameters which also have to be taken into consideration when calculating
the field of view of these detectors. Thus, although detector height largely determines
the magnitude of the circle of investigation, the mass relaxation per unit area
parameter is of significant importance for field based detectors, though as the detector
is raised to aerial survey altitudes, photon energy becomes equally important in
determining the circles of investigation.
3.9 MINIMUM DETECTION LIMITS
As discussed by Currie (1968), a minimum detection limit can be described as the
critical level (La) below which a signal cannot be reliably detected. In the following
discussion, the components of a photopeak are considered to be:
i) Background: Background under the photopeak due to the activity of the detector
crystal, can, photomultiplier and the scattering contributions from these sources only.
B = background under peak
aB = standard deviation of B
ii) Interference, contributions to the photopeak area from the Compton scattering of
higher energy photons and spectral interferences from other photopeaks. These
interferences have been quantified in terms of stripping coefficients.
/ = Measured interference, may be from several sources, eg. /0 It,,, and IK.
cr, = standard deviation of I
iii) Gross Area, total area under the photopeak
G = (S+B+I) = total (integral) photopeak area
aG = standard deviation of G
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Vtotal counts
o-
live time
(3.16)
iv) Net Area, the photopeak area due only to the activity of interest, or signal
S = (G-B-I) = observed net signal
as = standard deviation of S
2	 2%1/2where as = (CIG2 + CTB m al)
In each case, cr is given by:
The counts from a radiation detector are governed by Poisson distributions. For a
signal to have been reliably detected, it must exceed a critical level 4, given by:
Lc = ka • cro	(3.17)
where Ica is a constant chosen to give the appropriate error rate a (ie, the probability
a, of deciding a signal is present when it is not) and a c, is the standard deviation of
the net observed signal when it is assumed that the true 'net' signal is 0. Thus:
Lc =	 cr(B + I +	 + 2\ 1/2
Thus, for example, 4 for 4°K can be estimated from equation 3.19
K = ka (B+Iu +ITh + cr 2B + a 2 +	 2)1/2
1 U 	 171,
(3.18)
(3.19)
It can be seen that 4 is not a fixed value and will depend upon the relative
contributions from other photopeaks and scattered compton contributions and will
therefore also depend upon the environment of measurement. Thus, for example, the
4 for 'Cs will be lower in an area covered with 1 or 2m of peat with a low
geological signal than in an area with thin soil cover on granitic basement rock.
Tables 3.6 and 3.7 show examples of 4 for I37CS, 134c s, 40K, 214Bi and 208T1 for
averaged regions of interest data collected at the Raithburn Valley (see chapter 4) for
3"x3" NaI(T1) and 16 litre NaI(T1) detector where Ic a is 1.645 corresponding to an a
of 0.05.
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Table 3.6 Detection limits of the 3"x3" NaI(T1) with 1000 second live times for
137Cs, 134Cs, 40K, 214Bi and 208T1.
"Ts	 ''Cs	 40K	 21 4B i	 mil
Background cps
0.537±0.023 0.296±0.017 0.262±0.016 0.079±0.009 0.063±0.008
Example from averaged Raithburn valley spectra
Gross cps
18.67	 3.51	 2.84	 0.51	 0.40
At 95 % confidence, L, cps:
4.23	 2.56	 1.48	 0.92	 0.504
Lc Calibrated Equivalents
kBq m-2	 kBq m-2	 Bq kg"'	 Bq kg- 1	Bq kg"'
2.3	 0.92
	
169.6	 34	 4.56
Table 3.7 Detection limits of the 16 Litre NaI(T1) with 10 second live times for
137Cs, 134Cs, 40K, 214Bi and 208n.
"7Cs	 °Ts	 4 OK	 21 4B i	 2 0 8 T1
Background cps
43.4±2.08	 20.9±1.45	 19.1±1.38	 9.6±0.98	 8.4±0.92
Example from averaged Raithburn valley spectra
Gross cps
200.9	 66.68	 70.88	 17.16	 16.83
at 95 % confidence, L, cps:
11.84	 13.53	 9.023	 6.38	 5.44
L, Calibrated Equivalents
kBq m 2	 kBq m2
	
Bq kg"'
	
Bq kg'
	
Bq kg"'
1.32	 1.1
	
83.9
	
10.66
	
3.8
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3.10 CONCLUSIONS
This chapter has discussed the theory of the techniques available for measuring
environmental radioactivity and the standard techniques used to calibrate the systems
used. The factors which influence the application of these methods to environmental
radioactivity estimation and the relationships between the techniques are investigated
within the following chapters.
This work makes a comparative study of the three techniques of i) soil sampling with
laboratory based high resolution gamma ray spectrometry using Ge(Li) and HPGe
detectors, ii) in-situ gamma spectrometry with a 3"x3" Nal(T1) detector, and iii)
airborne gamma ray spectrometry using a 16 litre NaI(T1) detector, to identify and
quantify the environmental factors which influence the comparison between the
measurements derived from these methods. To identify some of the environmental
influences on the measurement of environmental radioactivity, chapter 4 investigates
the relationships between measurements made with these three techniques.
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4. COMPARISONS BETWEEN SOIL SAMPLE ANALYSIS, IN-SITU AND
AERIAL GAMMA RAY SPECTROMETRIC DETERMINATIONS
OF RADIONUCLIDE INVENTORIES
4.1 INTRODUCTION
4.1.1 Objective
The experimental objective was to estimate the distribution of 137Cs across a valley
using the three conventional techniques of soil sampling with laboratory based gamma
spectrometric analysis, in-situ gamma ray spectrometry and aerial gamma ray
spectrometry in the summer of 1990. The experiment was designed to enable the
results from the different techniques to be compared and used to identify the factors
which have traditionally made effective comparison between these techniques difficult.
This includes the influence of valley geometry on the measurement results.
The theory of detector response through analytical solutions to photon transport
equations assumes an infinite uniform plane, subtending a 2 7r geometry to a detector.
However, as discussed by Kogan et al 1971, Schwarz et al 1992 and Allyson 1994,
topographical unevenness influences the structure of the gamma ray field. Thus as the
topography either curves towards or away from the detector, there is likely to be an
increase or decrease, respectively, of the solid angle e (figure 3.10), and thus an
appropriate increase or decrease in the detector response. Theoretical corrections for
this effect have generally been based on extreme examples. However, reality is far
from uniform and thus the potential influence would be usefully determined from a real
example. In addition, real environments are expected to show that activity
concentration variations within the field of view of the detector are averaged out and
that there are variations in the vertical distribution of radioactivity concentrations.
The comparison between soil sample estimates, in-situ and aerial survey measurements
would enable the influence of varying topography and vertical and spatial distributions
of activity on the estimation of its distribution across the valley to be identified.
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4.1.2 Experimental Design
The experiment was designed to characterise the distribution of 137Cs, specifically,
across a valley through soil sampling with laboratory based soil analysis, in-situ and
aerial gamma ray spectrometry. The most rapid means of achieving this was thought
to be by the construction of a series of transects across the valley with the aim of
ultimately producing a grid of sampling locations. From such a regular grid,
contouring of activity distribution and subsequent statistical interrogation with
semivariogram analysis could be easily achieved allowing spatial variability across the
site to be quantified. Russo (1984) considered between 30 and 50 data points to be a
minimum for an effective semivariogram analysis. With sufficient data, directionality
and anisotropy can be monitored by estimating the semivariogram for specific directions
(Huijbregts 1975 and Zirschky 1985). In addition, a direct comparison between the
data sets would then allow a point to point comparison as well as an overall structural
comparison between data sets to be made.
To limit the number of possible variables, an area of simple geology with a low natural
radioactive background is desirable. In addition, uniform organic rich and peaty soils
were preferred to aid sampling and reduce the possible assimilation of natural
radionuclides from the underlying rock into the soil profile.
4.1.3 Valley Selection and Criteria
To minimise the possible number of variables, the following valley selection criteria
were determined:
i) Low natural radioactive background, to minimise spectral interference complications,
ii) To contain significant amounts of 137Cs from weapons testing and Chernobyl fall out,
iii) Variable "V" geometry valley with relatively small spatial extent, to maximise:
a) sampling density, and b) the detection of topographic contributions,
iv) Peaty soil with minimal spatial variation in soil type,
v) Logistical limitations, ie. good access and within easy reach of SURRC.
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This task was attempted in 1990, in association with the Ayrshire aerial survey
(Sanderson et al 1990c). Several valleys were selected in the Ayrshire region of SW
Scotland before the survey. Two valleys were explicitly examined by aerial survey.
i) Arran - large topographic structures were surveyed by helicopter. This was
undertaken by flying along ridges, valley sides and valley bottom. No marked change
in the detector response was observed principally due to the large nature of these
structures in comparison with the field of view of the detector.
ii) Raithburn Valley - small tight valley showed enhanced 137Cs signals in the valley
bottom. Field work was therefore performed in this area. The valley was centred
about NS 330 620 and the topography of the valley is shown in figure 4.1.
The Raithburn valley is situated on the Clyde Plateau Volcanic Formation
(Carboniferous: Dinantian) which predominantly comprises basic igneous rocks. More
detailed geological maps (1:10,560) reveal olivine basalt to be interspersed with some
trachytic and rhyolitic flow components to the geology. However, this was also the
case for other valleys selected in the area. Generally, the structure dips to the east and
the final area considered was relatively uniform in trachytic rock. The presence of this
more intermediate to acidic igneous rock suggests that the concentration of the natural
radionuclides, particularly 4°K and possibly 232Th is likely to be higher than originally
desired. However, the soil maps available, although less detailed, indicate the area to
be dominated by a series of upland peaty soils which appear to be relatively uniformly
distributed. This predominant soil type indicates an acidic (low pH) environment in
which the mobility of the natural radionuclides is likely to be restricted with little
assimilation into the overlying organic soil profile.
Topographic maps reveal a relatively tight geometry valley which gradually opens out
towards the east. Nevertheless, the valley shoulder to shoulder distance is less than 1
km along the whole valley section selected, with the effective "V" of the valley ranging
from 400 m across with 85 m depth in the west to 400 m across with 60 m depth in the
east. This was chosen to enable the influence of the topographic anomaly with
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Figure 4.1 3 dimensional map representing the topography of the Raithburn Valley.
note the bi-linear interpolation smooths out the "V" of the valley bottom.
changing valley geometry to be observed.
4.2 METHOD
4.2.1 Field Work Design and Method
The sampling equipment used for this work is described in Chapter 3. At the time of
the field work the only corer available was the 38 mm diameter Leonard and Fame!!
corer. In addition, flight path positioning was based upon the Decca navigational
system, whose positioning relied upon triangulation calculations between navigational
beacons located around the UK's coastline. This had a nominal accuracy of between
about 100 m to 150 m. Unlike the modern GPS system, the decca system provided no
aids for navigational guidance.
A 1.4 km (E/W) by 1.4 km (N/S) area was selected within the Raithburn Valley. For
field work, a theodolite, electronic distance meter (EDM), EDM targets and ranging
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rods were used for positioning. Although the accuracy of these instruments is
particularly good, sampling locations about these points are identified to a nominal
accuracy of ± 5 m. An initial base point was selected on the southern side of the
valley and positioned precisely in the field from trig points. Grid north was calculated
from this position and a baseline constructed EW along the southern flank of the valley
(along grid line 6144). 200 m positions were marked along this baseline with wooden
stakes. The baseline formed the starting point for each subsequent NS transect across
the valley.
The initial transects were spaced 400 m apart along the baseline, of which four were
constructed. Along each transect, sampling positions spaced 200 m apart were
determined by positioning with the theodolite and EDM. Where slope curvature
obscured EDM and theodolite view, the equipment was moved and repositioned by back
projection. A sample site, whose position was not controlled by the rigorous 200 m
spacing of the grid, was also located at the valley bottom within each transect. A total
of eight samples were collected along each transect.
Each sampling position was marked with a wooden stake, and at each site five random
soil cores were collected at the standard 15 cm intervals to 30 cm depth (Cawse and
Horrill 1986, Baxter et al 1989) within 5 - 10 m radius of the centre point. A single
in-situ spectrum was collected with the 3"x3" NaI(T1) detector, supported 1 m above
the ground by a tripod and coupled to the Canberra Series 10" MCA.
Following completion of the four initial transects, the intermediate transects were
sampled with the in-situ spectromettr only. This resulted in a total of seven transects
giving a 200 m grid sampled with the in-situ spectrometer providing a total of 56 data
points across the area. The four 400 m spaced transects with 200 m spaced samples
provided a total of 32 soil samples, which were divided into 64 sub-samples by the two
15 cm depth intervals. The sampling positions are shown in figure 4.2. This is thought
to satisfy the minimum number of data points required for an effective semivariogram
analysis as defined by Russo (1984). The field work took over 2 months to complete.
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Figure 4.2 Sampling Plan within the Raithburn Valley, Lochwinnoch.
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The Raithburn Valley was flown by free-flying, at an altitude of about 75 m + 15 m.
This gave an effective field of view of approximately 200 m radius. 60 gamma ray
spectra were collected over the Raithburn valley area over a 15 minute period. This
data set was later reduced to 23 spectra by the constraints of the sampling area selected.
This represents approximately 7 minutes of flying time (figure 4.2).
The soil samples were then processed in the manner described in chapter 3. A sample
self absorption correction was later applied (chapter 5) and the corrected results are
used here. This period of sample analysis took about 3 months of laboratory work.
The in-situ and aerial survey measurements were processed also as described in chapter
3 and were calibrated later with sensitivity estimates derived from calibration sites
sampled during the Ayrshire survey only (Appendices A and B). This enabled direct
comparisons between in-situ and aerial survey activity estimates to be made.
Table 4.1 Mean Activity Estimates Derived from the 3"x3" NaI(T1) and 16 Litre
NaI(T1) over the Raithburn Valley, Renfrewshire.
1370k.,S	 l34cs	 40K	 214Bi	 208T1
3"x3" NaI(T1) 1000 seconds integration time
Stripped cps
12.1
	
1.17	 2.07
	
0.201	 0.307
Calibrated Equivalents
kBq m-2	 kBq m-2	 Bq kg-1	Bq kg-1
	Bq kg-1
5.16	 0.52
	
232.9	 6.14	 2.9
16 litre NaI(T1) 10 seconds integration time
Stripped cps
73.2
	
12.2	 43.4
	
2.8	 7.9
Calibrated Equivalents
kBq m-2	 kBq m-2	 Bq kg-i	 Bq kg-1
	Bq kg-1
8.22	 0.99	 404	 3.4	 5.8
Table 4.1 shows the mean counts per second and their calibrated equivalents for the
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3"x3" NaI(T1) detector and the aerial survey 16 litre NaI(T1) detector across Raithburn
Valley. By comparing these values both in cps and calibrated equivalents with tables
3.6 and 3.7, it can be seen that 134Cs, 214Bi and 208T1 levels are below the limits of
detection for the 3"x3" NaI(T1) detector. For the aerial survey detector, 134Cs and 214Bi
concentrations are below the limits of detection, whilst mean 208T1 activity levels are just
above the lower limits of detection. Thus effective comparisons can only be made for
137Cs and 4°K.
The two data sets of 137Cs and 4°K were compared through 2 and 3 dimensional
graphical methods. Semivariogram analysis of the data was undertaken with Uniras-
Unimap (University Raster Based Mapping System) which has kriging facilities. The
models used to describe the semivariogram were fitted manually. However, a further
discussion on semivariogram analysis is thought to be appropriate here, prior to the
presentation of the results.
4.2.2 The Principles of Semivariogram Analysis
For a given bivariate data set (x,y,Z) where the attributes Z (the regionalised variable)
are measured at (x,y), the spatial variability of these attributes across the data set can
be effectively quantified by semivariogram analysis. A comprehensive discussion of
variogram or semivariogram analysis is provided in Huijbregts (1975), Burgess and
Webster (1980), Zirschky (1985), Cressie (1989) and Conradson et al (1992). The
theoretical semivariance y(h) is given by equation 4.1:
y (h) = —1 E [(Z(u) - Z(u + h))2]
2
where position u is given by (x,y) anywhere within the data set, h is a defined distance
or lag between points and E is the standard expectation operator. In this case 27(h) is
the expected value of the total sum of squares of the differences or variance between
the points for a given set of data spaced h apart, ie. for a given lag.
(4.1)
Since there is a finite number of points N(h) with spacings h apart, the experimental
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semivariance is given by equation 4.2:
N(h)
y(h) - 
	
1 	 E
2N(h)	
[(Z() - Z(u + h))2]
where a = 1 to N(h)
Thus a semivariogram is calculated as the average value of the square difference
between points for a range of lags h. The semivariogram model assumes that the
attributes of points closer together tend to have a greater spatial dependence upon each
other than those further apart. Thus -y(h) is observed to increase with sample spacing,
often to an asymptote. Beyond this point at distance h, no spatial dependence between
points is observed and the distribution is effectively random. This level, or sill, will
reflect the variance (02) within the whole data set.
(4.2)
The semivariogram (or variogram)
enables the nature of spatial variation to
be quantified. It is used in the method of
surface mapping or kriging which
estimates attribute values at any given
location by a weighted average of the
points inside the associated domain in
space. Kriging is discussed by Burgess
and Webster (1980), Webster and
Burgess (1980), Huijbregts (1975) and
Zirschky (1985). Figure 4.3 The Spherical SemivariogramModel
Figure 4.3 shows a typical theoretical semivariogram model, which depicts the
characteristics of the regionalised variable and is known as the spherical model. The
distance at which the samples become independent is the range and is the point when
the sample variance is at a maximum called the sill. Error influences will introduce
some uncertainty into the data. Theoretically, when h = 0, -y(0) = 0, however, the
semivariogram will not always appear to tend to zero. This discontinuity is called the
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nugget effect (C.) and represents the component of the variance which may reflect the
zero spaced sampling error in addition to random components of the experimental error.
y(h) y(h) y(h)/
Log h
d) Random	 e) Linear	 1) Logarithmic
Figure 4.4 Semivariogram Models
Figure 4.4 illustrates the common semivariogram models. The spherical, exponential,
gaussian and random models are all illustrations of transition models in which beyond
some distance or lag (h) the samples become independent. The logarithmic and linear
models are examples of non-transition models where sample variance increases
indefinitely. Non-transitionary models are often used to approximate spherical and
exponential models where sample spacing is far less than the range (Zirschky 1985).
One identified weakness of the approach is the need to construct a model for the
observed semivariogram, which may not be appropriate for the observed distribution.
Semivariograms can be used to study the spatial variability for all possible directions
at once. However, by restricting the analysis to defined orientations, anisotropy may
be observed where spatial variability has a directional dependency.
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4.3 RESULTS
The comparison between the three data sets; soil samples, in-situ spectroscopy and
aerial spectroscopy measurements for 137Cs, i34Cs and 40K is undertaken by: i) direct
statistical analysis of the data. Further data analysis for 137Cs and 4°K is achieved by:
ii) three dimensional comparisons between the three data sets; iii) analysis by direct
point to point comparison along transects; and vi) semivariogram analysis of each data
set.
The first three approaches are used to make a straightforward comparison between the
data sets and to determine the presence of a topographical anomaly and identify any
other environmental controls which may influence the direct comparison between the
techniques. The fourth approach is used to investigate spatial variability with
measurement technique.
4.3.1 Data Statistics
The statistics on the soil sample, in-situ and aerial survey data are shown in table 4.2.
On average the in-situ and aerial survey data sets for ' 37Cs and 4°K agree within the
limits defined by the standard error. However, comparisons with the soil sample data
set show a lack of agreement, with the in-situ and aerial survey data under-estimating
the 'Cs and over-estimating the soil core derived 4°K activities. Little comparison can
be made between the 134Cs results derived through the three techniques because the
majority of the 134Cs results are below the mean estimated minimum detection limits of
the in-situ and aerial survey detectors.
An empirical comparison of variability can also be made by calculating the coefficients
of variation (CV) given by (standard deviation/mean). The CV for 134Cs soil core
inventories of 47 % is lower than the CV observed for 137Cs (106 %) and 4°K (149 %),
suggesting that ' 34Cs is more uniformly distributed across the valley. As the effective
sampling volume increases ie. with in-situ and aerial survey gamma spectrometry, the
increased spatial averaging reduces the CV for ' 37Cs and 40K. For example, the CV for
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Table 4.2 Statistical Results of the Soil Sample, In-Situ and Aerial Survey data sets.
'Cs
Soil
Sample
In-situ
NaI(T1)
Aerial
Survey
Mean (kBq m-2) 8.2 5.2 6.2
St. Dev. (la) 8.7 2.1 1.9
CV % 106 41 30
St. Error 1.6 0.29 0.76
Variance (a2) 76 4.5 3.5
Sample No. 31 54 23
Maximum 52.7 15.6 11.7
Minimum 2.26 3.35 4.08
134Cs
Mean (kBq ni-2) 0.51 0.52 (BDL) 0.74 (BDL)
St. Dev. 0[0 0.24 0.21 0.34
CV % 47 40 46
St. Error 0.043 0.028 0.071
Variance (02) 0.058 0.043 0.115
Sample No. 31 54 23
Maximum 1.12 1.27 1.48
Minimum 0.092 BDL BDL
40K
Mean (Bq kg-) 100 233 270
St. Dev. (10 149 270 175
CV % 149 116 65
St. Error 27 37 36
Variance (2) 22140 72950 73080
Sample No. 31 54 23
Maximum 694 1120 664
Minimum BDL BDL BDL
BDL: Below Detection Limits
137Cs falls from 106 % for soil samples (area 6x10- 3 m2) to 41 % for In-situ (314 m2)
to 30 % aerial survey (8x104 m2).
It should be emphasised that 134Cs soil core inventories are particularly low, indicating
that the in-situ and aerial survey 134Cs estimates are below the minimum detection limits.
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4.3.2 Three Dimensional Comparison Between Data Sets.
The distribution of ' 37Cs, 134CS and 4°K as estimated through the three measurement
techniques (where appropriate), are spatially represented in 3 dimensional format in
figures 4.5, 4.6 and 4.7 respectively. The data have been interpolated into 28 x 28 grid
cells using a bi-linear interpolation. Activities are quantified in terms of kBq m-2 (37cs
and 134Cs) and Bq kg-'(40=,-, and expressed in terms of the colour scale and theN
magnitude on the Z-axis. However, interpretation of the results must take into
consideration that the bi-linear interpolation may dilute some of the more exaggerated
spatial variability through spatial averaging.
i) 137Cs
The observed distributions of 137CS determined from the three monitoring techniques are
shown in figure 4.5. The spatial observations of the distribution of 137C5 across the
valley are highly concordant and show that it is concentrated within the bottom of the
Raithburn valley.
Soil sampling results exhibit a more exaggerated distribution of 137CS activity across the
site, with data peaking at over 26 kBq 1112 (53 kBq m-2 from raw data) at NS 2920
6200. A similar distribution is observed with the in-situ 3"x3" Na1(T1) detector
measurements. However, the magnitude of activity observed in the valley bottom with
the 3 "x3" NaI(T1) detector, although similar in the eastern end of the valley, markedly
underestimates the soil core results in the western end of the valley, with activity
estimates about 15 kBq ni2 (NS 2920 6200). On the valley sides and shoulders the
activity estimates are highly concordant between the two monitoring techniques, with
activity concentrations of about 6 + 3 kBq m-2 . In addition, both data sets indicate a
zone of depletion on the southern valley side.
The aerial survey results show elevated signal strengths along the valley bottom. Here,
values, although similar to the in-situ measurements, still underestimate the
concentrations at the valley bottom determined by the soil core results. However, there
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Figure 4.5 3 dimensional maps of 'Cs activity (kBq m-2) across the Raithburn
valley from soil samples (400 x 200 m grid), 3"x3" Na1(T1) in-situ measurements
(200 m grid) and aerial survey measurements.
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is some indication of slightly enhanced 137Cs values at the western end of the valley.
The spatial extent of the distribution is very similar to that observed by both the ground
monitoring techniques.
Activity estimates observed on valley sides and shoulders are highly concordant with
those observed by the ground monitoring techniques. Although there is some loss of
spatial detail, aerial survey measurements also indicate a zone of 131Cs depletion on the
southern side of the valley.
ii) 'Cs
134CS kBq m-2
	 Soil Sample
=ABOVE t2
NMI	 1.1 -1.2
ma to-ti
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Figure 4.6 3 dimensional maps of 134Cs activity (kBq m-2) across the Raithburn
valley from soil samples (200 m x 400 m grid).
The soil sample derived 134Cs estimated distribution across the valley is shown in figure
4.6. In contrast to 137Cs, the distribution of 134Cs displays no spatial distribution which
can be related to the valley geometry. Although there is a slightly enhanced
concentration at NS 3000 6210, no enhancement of activity is observed at NS 2920
6200, the area of particularly high 137Cs activity concentration.
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Figure 4.7 3 dimensional maps of 4°K activity (Bq kg-') across the Raithburn valley
from soil samples (200 m x 400 m grid), 3"x3" Nal(T1) in-situ measurements (400
m grid) and aerial survey measurements.
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iii) 40K
As with 137Cs, 40K determinations (Bq kg-1 ) from all three techniques as shown in figure
4.7, have a strong spatial relationship with the Raithburn valley topography. The soil
sample results provide inventories below 500 Bq kg -1 within the valley bottom which
decrease to well under 100 Bq kg- 1 on the valley sides and tops. Although the spatial
distribution is very similar to that observed from the soil sample results, the in-situ
3"x3" NaI(T1) detector determines values on the valley bottom to be of the order of 700
Bq kg'. In addition, there is a zone of increased 40K activity concentration on the
northern flanks of the Raithburn valley which is only marginally detected by the soil
sample results.
As might be expected from the observations made with the 'Cs results, the aerial
survey measurements of 411K distribution are again very similar in spatial structure to
the soil core and in-situ results, and underestimate the activity concentration of the
valley bottom compared with the in-situ measurements. However, as with the in-situ
detector, the aerial survey observations provide higher estimates of 40K concentrations
than those determined through soil sample analysis.
4.3.3 Comparisons between transect data
Three transects were chosen which provided positionally favourable comparisons
between soil samples, in-situ 3"x3" NaI(T1) and aerial survey spectrometric results.
Figures 4.8 to 4.13 show the three chosen transects for 137Cs, 134Cs and 4°K. These
diagrams allow a point to point comparison to be made between the three monitoring
techniques. Each figure also shows the topographic cross section of the valley.
The errors shown for soil sample results represent the analytical error associated with
laboratory based analysis and are typically less than 5 % for 137Cs and about 8 % for
4°K. The error estimates for in-situ and aerial survey gamma spectrometry are
dependent upon the activity levels and sampling error observed across the calibration
sites used to determine the sensitivity estimates. The error on the in-situ estimates are
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dominated by the error on the regression used to calibrate each measurement (Appendix
A). The following estimated errors also include the error on count rates. For 137Cs,
69 data points were collected during the Ayrshire aerial survey (Sanderson et al 1990c)
as discussed in Appendix A. The error on the mean activity levels (Table 4.2) are
dominated by the error on the regression and estimated at about 20 %, increasing to
about 40 % for the lower activity levels and decreasing to about 16 % for the highest.
Similarly,  4°K estimates are determined from Appendix A, with a mean error estimate
of about 16 % increasing to 100 % for MDL's and falling to about 10 % for the highest
activities measured. For the aerial survey measurements, sensitivity estimates are
derived from spatially matched calibration areas and are discussed in chapter 6 and
shown in Appendix B. The error on 137Cs is derived from the four Ayrshire calibration
sites and is calculated at about 15 %. Similarly for 4°K, the error from the three sites
(Table B.2) is about 10 %. As with the in-situ detector, for activity levels at MDL's,
an error of 100 % is assumed. However, as the MDL's vary across the whole site, for
simplicity the mean error is used for graphical comparison.
i) 'Cs
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Figure 4.8 ircs distribution across transect 30400.
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Figures 4.8 to 4.10 show the three selected transects across the Raithburn Valley.
All three figures show that 137Cs inventories increase in the valley bottom. For the
point to point comparison between the data sets, differences of more than a factor of
two between inventory estimates appear at many of the points along the transects.
There appears to be no systematic control in this variation on the valley sides, with the
most exaggerated variations being observed within the soil sample data set. However,
the mean result of the samples collected on the valley sides from each measuring
technique provides a very similar answer ie. between 5 and 6 kBq in -2 . The exception
is observed in measurements made in the valley bottom, where systematic differences
in the observed activity estimates indicate soil core analysis consistently provides higher
inventory estimates than those derived from in-situ or aerial survey estimates.
ii) "K
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Figure 4.11 4°K activity concentration across transect 30400
The distribution of 'X along each transect is very similar to that of 137Cs as illustrated
in figures 4.11 to 4.13. The concentration of 4°K is at a maximum in the valley bottom,
and this is shown by each of the monitoring techniques, except for the soil samples
observed in figure 4.12 where very little 40K activity is observed at all. In all transects
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Figure 4.13 4°K activity concentration across transect 29200
the soil sample results provide the lowest estimates of 4°K concentration across the
valley. The in-situ 3"x3" NaI(T1) detector provides the highest estimates of 4°K activity
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estimates, particularly in the valley bottom. The aerial survey results in turn provide
similar estimates to those observed by the in-situ detector on the valley sides but again
exceed those estimates determined from soil samples. Figure 4.13 shows a good
correlation between soil sample inventories, in-situ and aerial survey estimates of 'K.
4.3.4 Semivariogram Analysis
Semivariogram analysis of the data for all directions across the data set was undertaken.
In general, the results generated distributions that could be represented by spherical
models. However, by looking at semivariograms in one direction only at a time (ie,
0 0 , 45° and 90°), anisotropy in the data set could be determined. The greatest
anisotropy was observed between the 0° (EW) and 90° (NS) directional orientations.
Lags of 200 m were chosen as this represents the dominant spacing between the
sampling positions. The exception to this was a 400 m lag required in the EW
orientation of the soil sampling data set. The finite data size leads to fewer
observations being made at sample spacings of 1 km than at 200 m. A standard search
tolerance of 10° was used.
The results are shown in figures 4.14, 4.15 and 4.16. In almost every case a spherical
model described the spatial model observed in the EW orientation. Models were very
difficult to fit to the NS orientated sampling plane and thus random models were
chosen.
The ' 37Cs semivariogram results for aerial survey, in-situ and soil sampling results are
shown in figure 4.14 a to f. The aerial survey results (a. and b.) show a spherical
model in the EW plane with a range of about 1 km and a sill value of about 3 (kBq m-
2.2.)•This suggests that observations made in the EW plane which are less than 1 km
apart are spatially dependent. However in the NS plane, a different distribution is
observed. Here the semivariance is significantly higher at a small lag than at a large
lag. This suggests that the sharp change in activity concentration observed in the valley
bottom is smaller than the sample area (field of view) and thus observations on this
scale appear to be random. However, with larger lags the semivariance falls
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demonstrating a negative correlation or spatial dependency. This can only be described
by a random model in semivariogram terms. However, the overall sample variance in
both directions is 3 (kBq in-2)2 , which is comparable with estimates in (table 4.2).
The in-situ (3"x3" NaI(T1)) results (figure 4.14 c. and d.) demonstrate a spherical and
random model. The EW orientated semivariogram has a range of about 1 km and a sill
of about 7 (kBq m-2)2 . The NS orientated variogram is more difficult to describe by a
model. Although variability appears to increase with sample spacing initially,
variability falls considerably at and after lags of 800 m. This is likely to be a function
of the high activity concentrations within the valley bottom, which tends to be ignored
at lags of 800 m or more, because of the finite spatial distribution of the sample set.
Thus comparisons are made with data points either side of the valley. The overall
variability is therefore determined to be about 3 (kBq m-2)2 , although values of up to 6
(kBq m-2)2 are observed, and given a greater distribution of data, this value may be
maintained as the sill value.
The 137Cs soil sample data set also shows two different distributions in the NS and EW
planes. In the EW plane only 3 semivariance points could be calculated due to the
minimum sample spacing of 400 m. However, the distribution is not inconsistent with
a spherical model with a range of about 1 km and a sill of about 160 (kBq m-2)2 which
is greater than that observed in table 4.2. As with the in-situ results, the distribution
in the NS plane is affected by the enhanced concentrations in the valley bottom,
dominating the observed variance on the small lag scales. A mean variance is estimated
in this plane of about 40 (kBq m-2)2 , which is lower than that calculated in table 4.2.
However, the combined average of the NS and EW planes would provide a mean
variance estimate similar to that observed in table 4.2.
All the data sets for the NS orientated semivariogram data suggest that sample spacing
is not appropriate to model accurately the rapid change in the distribution of activity
across the valley. Whilst the field of view of the aerial survey detector may be too
large to map the finer spatial detail, the sample spacing of the in-situ and soil corer is
too great to determine the smaller scale of spatial dependency.
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As with table 4.2, the overall degree of variance for 137Cs increases with a decrease in
the sampling area of individual measurements.
134Cs semivariogram model observations (figure 4.15) for the soil sample results are
very similar to those of 137Cs although the sill values provide lower estimates of
semivariance which are similar to those shown in table 4.2. As with 137Cs, spherical
models are used to describe the distribution in the EW plane for the i34Cs results.
Again in the NS plane, although there is evidence of some spatial dependence between
the data at lags of 600 m or less, the values observed with lags of 800 m or more have
a lower variance. Thus random models are again used to describe the distribution.
4°K semivariogram results are shown in figure 4.16. Again the structural descriptions
of the semivariograms are very similar to those observed with 'Cs. The sills observed
for the aerial survey distributions are different to those predicted in table 4.2.
However, the sill values and ranges observed with the in-situ and soil sample results
are equivalent to those shown in table 4.2. The change in semivariance with sample
spacing for the `11)K soil sample data, EW orientation (figure 4.16 e), is unlike "Cs and
134Cs in that it does not necessarily demonstrate a spherical model and may be
approximated by a random model.
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4.4 DISCUSSION
4.4.1 Discussion of the Main Distributional Characteristics
All three data set observations of 137Cs, in both the three dimensional and transect
representations, show that the valley bottom is acting as a capture area or sink for 137Cs.
As discussed in chapter 2, the highly organic nature of the soils, characteristic of the
surrounding upland areas, are unable to fix and adsorb caesium as well as the inter
layer sites of clay minerals associated with higher density soils. Thus the 'Cs in this
environment appears to be migrating down slope in particulate form although movement
in solution may also occur. Much of the material is then caught in the clay rich
sediments and sinks in the valley bottom. This behaviour of 137Cs has been used to
determine the erosional behaviour of radionuclides in drainage basins and has been
discussed by many authors: Bonnett (1990), Pennock and De Jong (1987), Dominik et
al (1987), Ritchie and McHenry (1977), Rogowski and Tamura (1970).
The movement and behaviour of " 7Cs and soils within the catchment area resulting in
the depletion of 'Cs from the slopes and deposition within the valley bottom, will lead
to a different vertical activity profile across the drainage system. However, the
experimental design and equipment used did not allow for the measurement of the
vertical profile.
The distribution of ' 34Cs (figure 4.6) from the data displays conflicting spatial
characteristics to that of 137Cs (figure 4.5). The ' 34Cs soil sample data, clearly
demonstrates that the distribution, although heterogenic, does not have any clear
relationship with the valley topography, except perhaps in the eastern portion of the
valley.
This contrast in 137Cs and 134Cs distribution may therefore be explained by two different
depositional events. Typical weapons testing fallout across the UK, although regionally
variable, is believed to be of the order of between 2 and 3 lcBq r112 (Miller et al 1989).
Thus about a third of the 137Cs deposition in the upland areas (approximately 2 kBq rn-2)
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is likely to be attributed to weapons testing fallout and about two thirds (approximately
4 kBq m-2) to Chernobyl fallout. This provides a ' 34Cs/ 137Cs ratio at the time of
Chernobyl (May 1986) of about 0.6. This is comparable to other findings (e.g. Miller
et al 1989 and Cambray et al 1987). Thus given this relatively heterogenic, though
random, distribution across the valley of 134Cs, the spatial relationship of 137Cs with the
topography indicates that this must be associated with a separate depositional event.
The movement of i37Cs into the valley bottom must be dominated by the redistribution
of weapons testing fallout prior to the deposition of the Chernobyl fallout. Therefore,
from figures 4.10 and 4.13 (transect 29200), only 3.8 kBq m -2 of the total 53 kBq m-2
of 137Cs can be accounted for by Chernobyl fallout. Also, from figures 4.8 and 4.11,
4.5 kBq m-2 of the 12 kBq In-2 of ' 37Cs must be Chernobyl fallout within the base of
the valley along transect 30400.
Thus, the data enables environmental change and in particular effects of the hydrology
of the valley system to be investigated. The deposition of ' 37Cs from weapons testing
fallout began in the 1950's and so it has taken between 30 and 40 years for the
movement of weapons testing fallout from the surrounding upland areas into the valley
bottom. In addition, the rate of deposition has been clearly more rapid in the western
portion of the Raithburn Valley than in the eastern end. However, the 134Cs data
appears to indicate a change in the redistributional pattern over the 4.5 years since
Chernobyl, as the 134Cs concentrations collected in the eastern portion of the valley are
higher than observed in the west. This is also clearly observed when looking at the
three dimensional soil core information as illustrated in figures 4.5 and 4.6. Although
heterogeneity in the initial distribution must be considered, these results may suggest
that the hydrological controls of the drainage system have also changed with time.
The distribution of 40K across the drainage system is similar to that of 137Cs with
significant concentrations in the valley bottom. Although soil sample estimates
underestimate the observations made by the in-situ and aerial survey detectors, the
results are spatially concordant. The soil samples analysed provided additional
information of soil type distribution across the valley. Generally, the soils on the valley
sides are characteristically upland peats and monoliths, with an increasing gritty and
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clay component towards the valley bottom. This is associated with corresponding
changes in soil density from < 1 g cm' on the valley sides to > 1 g cm' on the valley
bottom. In addition, soil acidity was observed to decrease, with the pH values
increasing respectively from a pH of 3 on the valley sides to about 5 in the valley
bottom. However, the clay and gritty soils were highly heterogenic and interspersed
with organic soils and outcrops of the underlying trachytic and rhyolitic rock. The soils
were generally thinner ( . 30 cm) in the valley bottom. In the upland parts of the
valley, soil moisture content was often > 80% resulting in difficulties in sample
retrieval with the standard soil sampling equipment.
The lower acidity and possible addition of glacial sediments has allowed more advanced
soil types to develop with clay content from the underlying geology at the bottom of the
valley. Thus the concentration of the natural radionuclides as a whole was significantly
higher than that observed in the organic soils from the valley sides and upland areas.
These higher estimates of 4°K derived from the in-situ and aerial survey measurements
are discussed in section 4.4.2.
4.4.2 Identification of the Environmental Factors Controlling the Relationships
Between Soil Sample, In-Situ and Aerial Survey Inventory Data
The comparative approach between soil sampling, in-situ and aerial survey methods of
monitoring environmental radioactivity has enabled several important environmental
factors to be identified. It was anticipated that activity estimates observed from in-situ
and aerial survey measurements collected within the valley bottom would be greater
than similar measurements made over an infinite flat plane. However, this feature was
masked by the significantly enhanced concentrations of radionuclides in the valley
bottom. It is difficult to deconvolute the contributions brought about by these enhanced
concentrations due to the shortcomings or environmental factors which have influenced
inventory estimations with all the techniques used. Since this experiment was
undertaken, Schwarz et al (1992) describe a linear geometrical correction factor to
correct for topographic effects which is not based on experimental observations and is
yet to be verified. However, this experiment has enabled several environmental
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influences for further investigation to be identified.
Spatial variability and spatial dependence has been observed. This is shown in table 4.2
and by the analysis of the semivariogram results. The coefficients of variation within
the data sets decreased with increased sampling area (including detector field of view)
of individual measurements, particularly for i37Cs and 40K. Also, the soil core analysis
indicated that 134Cs was relatively more uniformly distributed (CV of 47 %) compared
with ' 37Cs and 4°K (CV of 106 and 149 % respectively). The difference in the CV is
attributed to the age of the deposition and the redistributional processes which have
been acting upon the weapons testing component of ' 37Cs in particular over the last 30
to 40 years. 4°K distribution is controlled by the natural pedological and geological
variability and demonstrates a broadly similar distribution to 'Cs.
The difference between the EW and NS orientated semivariograms demonstrated a high
degree of anisotropy in spatial variability across the site. This is controlled by the
distribution of activity within the valley bottom, and the sampling scales chosen were
not ideal for the characterisation of this distribution. In addition, the finite size or
range of the bi-variate distribution of the data set limited the inclusion of the valley
bottom observations within the semi-variance calculations for observations with lags of
800 m or more. The EW semivariograms show that variance increases with sample
spacing, with the maximum variance (sill) occurring at about 1 km, suggesting spatial
dependence of the samples upon each other within 1 km spacings, and independence at
lags greater than 1 km. Again, however, variance determined at lags of 1 km is based
on fewer observations due to the dimensional limits of the data set and this must be
allowed for in the interpretation. The verification of the estimated range would be
achieved by extending the sample grid.
The NS semivariograms are dominated by very rapid spatial change, which occurs on
a scale smaller than the field of view of the aerial survey detector. Thus small scale
movement of the aerial survey detector results in large changes in the measured
radioactivity. This led to a large semivariance on the small scale observations.
However, with increased sample spacing, because of the restricted dimensions of the
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survey area, variance calculations are based on valley shoulder to valley shoulder
comparisons, and thus a smaller variance is observed with larger lag. This change is
measured better with smaller sampling areas (small field of view), although sample
spacing should also to be reduced.
Spatial variability was also observed in the point to point comparisons between soil
sample results with in-situ and aerial survey results. In particular, the scatter of soil
sample results about the in-situ and aerial survey estimates of radionuclide inventories
makes direct comparison difficult. This is likely to be attributed to sampling errors and
poor spatial comparability between the three techniques. Single small and randomly
collected samples have little spatial relationship with the field of view of in-situ
detectors. Both soil samples and in-situ measurements have little spatial relationship
with aerial survey measurements.
It is this poor spatial representability which has helped mask the topographic anomaly,
particularly for inCs. In addition, because the enhanced activity concentrations present
a small linear feature, perhaps tens of metres wide compared to the field of view of the
airborne detector which is perhaps 350 m wide, the aerial survey measurements will
spatially dilute the higher inventories observed by smaller scale measurements. This
can be overcome by either flying lower, slower and reducing the detector integration
time. However, this is unlikely to fully explain why in-situ spectrometric measurements
underestimated the ' 37Cs inventories observed in the valley bottom relative to soil core
observations.
The degree of soil type variability across the valley was also quite considerable with
densities ranging from 0.5 g cm-3 to 1.3 g cm-3 . This was accompanied by a significant
change in soil composition from a highly organic and water bound peaty soil to highly
mineral rich gritty soils. As discussed in section 4.4.1, these characteristics were
controlled by valley structure. However, this change in composition and density must
have an influence on the calibration of in-situ and laboratory based measurements due
to the changes in the soil's self absorption characteristics. In particular, with laboratory
based gamma spectroscopy, such changes in soil composition are likely to have an
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influence on the detector calibrations and, although clearly energy dependent, should
be accounted for when making inventory estimates.
In addition, this change in soil type must influence the self absorption characteristics
of the soil itself with regard to in-situ and aerial survey measurements. Of particular
importance here is the vertical distribution or stratification of radionuclides within the
soil profile. For the anthropogenic radionuclides which have undergone redistribution
processes, the changes in the vertical profiles of caesium must be quite considerable,
particularly between areas of caesium removal and redeposition. Such changes in the
vertical profile will influence the photon emission or fluence rate observed at the soil
surface. This effect is compounded when soil type and density change. This would
therefore explain the good correlation between the three techniques in the upland areas
but would underestimate 137Cs activities observed in the valley bottom by in-situ
techniques. This effect may also contribute to underestimations made by aerial survey
measurements.
The degree of contribution that a change in source depth within the field of view can
make to aerial survey measurements is dependent upon the spatial extent of these
different source characteristics in relation to the field of view of the detector. The
aerial survey detector has a centrally weighted field of view of perhaps 400 m in
diameter, and is distorted to an ellipse when the platform is moving. Thus, if the
change in source depth characteristics dominate this centrally weighted field of view,
the expected photon fluence will be altered accordingly. However, if such features are
small, it is likely that their influence will be much less. From semivariogram analysis,
the activity concentration in the valley bottom was small, resulting in significantly
different estimates of the activity concentrations at low lag.
The source burial effect may also explain the variation in 4°K estimations. In almost
every case, particularly in the valley basin environment, 4°K inventory estimates were
greater with the in-situ and aerial survey techniques. This can also be explained by
source burial in the upland areas in particular, where lack of assimilation of 4°K into the
soil profile, particularly the top 30 cm, has led to low 4°K estimations from soil core
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analysis. However, the 1462 keV photon signal from 4°K is still likely to be able to
penetrate through the low density organic soil profile from the underlying geology and
can thus be detected by both in-situ and aerial survey measurements. Thus the 30 cm
soil sample does not provide a representative sample of the natural radionuclide activity
estimations in these environments and for their comparison with in-situ and remote
sensing forms of gamma spectrometry. There is also considerable exposure of the
underlying geology from stream erosion in the valley bottom. Thus, although soil
samples collected contain significant amounts of the 4°K available, the rock exposures
and coarse stream and glacial sediments present a greater 4°K source signal to the
detectors. This renders the samples less representative.
Again, 401( determined by aerial survey underestimates the distribution determined by
in-situ gamma spectrometric techniques. As with 137Cs, this distribution can be
explained by the spatial averaging of the aerial survey detectors. This is caused by the
field of view of the airborne detector being considerably larger than the source
dimensions. Semivariogram analysis of the aerial survey observations of 4°K and 137Cs
across the valley suggest that the source is small compared to the field of view of the
detector, thereby rendering each successive observation in the NS plane almost
independent and thus random. To map the spatial distribution more precisely the
detector should be flown at lower heights to reduce the field of view. Alternatively,
in-situ or soil sampling techniques should use a finer sampling grid.
It is interesting to note that stripping residuals were observed within the 134Cs window
for both the in-situ and aerial survey gamma spectrometric measurements. Although
difficult to prove by regression analysis, given the inherent association within this
environment of caesium with potassium rich soils and sediments, these residuals do
spatially relate to the distribution of 4°K, thus providing a significant contrast to the
distribution of 134Cs determined from soil sample estimates. These stripping residuals
are likely to have been brought about by the changes in the scattering characteristics of
the radiation field due to: i) valley geometry; and ii) 4°K source stratification within the
soil profile, thus rendering the stripping coefficients inappropriate.
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Quantification of any one of the environmental factors indicated here is made difficult
by the fact that they are all acting at the same time. Thus a series of experiments is
required to enable these environmental factors to be separately determined and
quantified, since in the present case they appear to be more important than the influence
of the topographic shape on in-situ and aerial survey measurements.
4.5 SUMMARY AND CONCLUSIONS
The results of measurements of the distribution of radioactivity across the Raithburn
valley have demonstrated the probable movement of radionuclides in a dynamic
environment and illustrate the use of environmental radioactivity monitoring to measure
environmental processes.
This experiment has demonstrated the capability of soil sampling and laboratory based
analysis, in-situ and aerial survey analysis to map the distribution of 137Cs and 4°K
across a tight geometry valley. The results for the distribution of 137Cs and 4°K are
clearly concordant although absolute magnitudes of activity within the valley bottom are
variable. I34Cs results are less well matched between the techniques as a consequence
of low activity levels.
These results have demonstrated that further research is required to enable the
experimental relationships between soil sample analysis, in-situ and aerial survey
measurements to be understood more fully. Experimental work was therefore designed
to isolate and quantify these environmental factors. The environmental factors which
will receive further attention in the following chapters are categorised as follows:
1) Soil type and its variability in composition and density. These factors influence the
self absorption characteristics of the soil, which will be photon energy dependent. The
influence on laboratory based gamma spectrometry is investigated and the soil sampling
depth required for effective comparison with in-situ and aerial survey based gamma
spectrometry determined.
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2) Spatial variability not only occurs on the macro scale but, as indicated by poor
spatial correlation between soil samples, in-situ and aerial survey estimates, also occurs
on the micro scale. Spatial variability has an influence on the results derived from soil
sampling and thus the representability of a sample. In addition, spatial averaging
associated with the fields of view of in-situ and aerial survey, controlled by their height
above ground, photon energy and source characteristics, requires spatially representative
ground sampling to make effective comparisons for calibration and verification
purposes. Such spatially representative sampling is required to enable an effective study
of other environmental controls influencing the relationship between these techniques.
3) Source burial effects for both natural and anthropogenic radionuclides need to be
considered for the interpretation of in-situ and aerial survey measurements. This has
an influence not only on primary photon attenuation, observed as a reduction in the
spectral photo-peak area, but also on the scattering characteristics within the
environmental radiation field which are observed in the detector response
characteristics. In addition source burial is not only brought about by soil and peat, but
also by increase in the air path length between source and detector. Thus detector
response characteristics for stripping and photo-peak response are investigated.
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5. SELF ABSORPTION CHARACTERISTICS OF SOILS AND THEIR
INFLUENCE ON GAMMA SPECTROMETRY
5.1 INTRODUCTION
During the course of the Raithburn Valley investigation, a considerable variation in soil
type and density was observed across the site. The consequences of this change upon
in-situ and, in particular, laboratory based gamma spectroscopy, are investigated in this
chapter. The calibration corrections derived for this density variation, particularly in
laboratory based gamma spectroscopy, are also discussed here and traced to IAEA and
NBS standards.
It is generally recognised that the attenuation of gamma rays in matter is subject to the
density and atomic number Z of the medium through which photons travel. The effect
of the atomic number is quantified in terms of the mass attenuation coefficient, which
is made up of contributions from incoherent (Compton) scattering, coherent scattering
(Rayleigh), the photoelectric effect and pair production (Coppola and Reiniger 1974).
The mass attenuation coefficient GO has long been used as the basis for determining
sample density and water content (Stroosnijder and DeSwart, 1974; Saksena et al, 1974;
Mudahar and Sahota, 1986). However, such experiments using low energy photons
below 150 keV (e.g. 241A111,9) where the photoelectric effect predominates, have been
hampered by variations in the soil's chemical composition. Mudahar and Sahota (1986)
suggest a 5 % variation in A m for 662 keV determined from a few selected soils.
Having demonstrated the importance of the soil's chemical composition on the
attenuation of photons, Mudahar and Sahota (1988a) attempted to show the dependence
of Am on soil particle grain size and/or particle geometry. This is contradictory to
expected observations for gamma ray energies well above those dominated by the
photoelectric effect. Coppola and Reiniger (1974) and Hubbell (1982) demonstrated the
influence of sample atomic number and photon energy on p. m . Coppola and Reiniger
(1974) examined four soils, principally loam and clay types, and determined that An, was
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dependent on sample chemical composition below 150 keV.
In the knowledge of the effect of sample
chemistry on it„, radionuclide inventory
estimates made with laboratory based
high resolution gamma spectroscopy
seldom consider the importance of li m on
the sample activity determinations.
Whilst the solid angle CZ remains constant
for a standard geometry size, Galloway
(1991a) showed the effective solid angle
to be dependent upon the attenuating
properties of the sample. Thus as Am or
density increases or photon energy
Ax
h
Figure 5.1 Diagram showing the detector-
sample geometry
decreases, then the photons detected will originate predominantly from the front of the
sample, resulting in a change in the effective solid angle. Thus the magnitude in
change of photon contribution from a layer Ax (figure 5.1) with distance h will be
dependent upon Am and sample density. The absolute detection efficiency must
therefore also change with sample composition and density. Galloway (1991a)
describes an effective method for accounting for changes in self absorption
characteristics of samples. Galloway also demonstrates an analytical approach used to
correct for geometrical variations in sample geometry, in particular under filling of
containers (Galloway 1991b, 1993). This chapter describes an empirical method for
sample self attenuation correction.
The effect of variations in soil self attenuation also has implications upon in-situ and
aerial based gamma spectrometry. Representative soil cores should be collected, where
the sample depth cored represents the depth from which the majority of the photon flux
at the soil surface originates. This variation in the analytical depth in the field may also
affect the response to layered anthropogenic sources. The consequences of this
variation are also discussed here.
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An experiment was set up to measure the linear (A) and mass attenuation (i.t.)
coefficients of a range of soils from across the U.K. The importance of the chemical
composition of soils on A m was then demonstrated by calculating A rn for a series of
geostandard reference soils (Govindaraju, 1989). The conclusions from these results
are examined for in-situ and laboratory based gamma spectroscopy. First, estimates of
soil density variations are made.
5.2 CHANGES IN SOIL DENSITY AS AN ENVIRONMENTAL VARIABLE
Table 5.1 Typical density ranges observed through soil sampling
Wet
Soil
Raithburn Valley Investigation
Dry
Soil
Ground Dry
Soil
Mean (kg m-3) 800 249 783
St. Dev. (1u) 171 229 254
St. Err. 22.1 29.6 32.8
Max. 1285 1020 1512
Min. 372 52.9 300
Ayrshire Calibration Site Samples
Mean (kg m-3) 591 146 752
St. Dev. (10-) 178 142 233
St. Err. 15.6 12.5 20.5
Max. 1156 781 1472
Min. 249 8.42 296
Caerlaverock Salt Marsh Calibration Samples
Mean (kg m-3) 1504 940 1358
St. Dev. (la) 162 207 123
St. Err. 18.4 23.4 13.9
Max. 1956 1540 1591
Min. 882 358 992
The density ranges observed within the Raithburn Valley investigation and subsequent
Ayrshire and Caerlaverock Calibration site sampling are shown in table 5.1 and figure
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Figure 5.2 Density Ranges Observed Across and Within Soil Sample Site Investigations
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5.2. The Raithburn and Ayrshire sites are predominantly organic rich whilst the
saltmarsh sediments at Caerlaverock are of higher density. These sites, discussed
further in chapter 6, demonstrate the range of soil densities which were encountered in
the field. A range from 250 kg M-3 to 2000 kg m 3 . Drying soils reduces the soil
density considerably, particularly within the organic rich samples, as observed in the
majority of the Ayrshire sites (figure 5.2b). However, once ground and homogenised,
pore spaces are lost and soil sample densities increase to levels higher than those
observed in the field for the organic samples, or slightly lower with clay and sediment
rich samples. The ground soil density variations are also quite considerable, from 300
kg m-3 to 1600 kg m-3.
Thus this natural environmental variable, soil density, is likely to have considerable
influence on the calibration of laboratory based detectors. In the field the influence of
variations in water content are likely to lead to enhanced variations in the analytical
depth observed for in-situ gamma spectrometry.
5.3 THE MEASUREMENT OF THE MASS ATTENUATION COEFFICIENT OF
A RANGE OF BRITISH SOILS
5.3.1 Objective
This experiment was devised to determine the importance of sample density and the
mass attenuation coefficient on the absorption and scattering of gamma photons of
different energy. The results formed the basis of determining whether sample self
absorption was important and whether correction would be required in the absolute
efficiency calibration of detectors to compensate for the variation in sample types
typically found in the environment.
5.3.2 Method
Thirty soil and sediment samples which included soils from across the UK, and two
IAEA reference standards were selected. The samples were all ground within a Tema
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Reference Source
•A
Sample
Pb Collimator
Figure 5.3 Apparatus used to determine
and gm of soils
(5.2)
(5.3)
mill to about 30 micron particle size and placed into a standard 150 cc container
geometry. The sample weight, thickness and densities were measured.
Three Amersham point reference sources
were chosen to provide a selection of
energies across the spectrum of interest.
The sources used were 'Ain (59.54
keV, 429 GBq), 137Cs (661.7 keV, 425
GBq) and 'Co (1173.3 and 1333 keV,
435 GBq). Figure 5.3 shows the
apparatus set up. The reference sources
were placed above a 40 mm thick lead
	 HPGe Detector
collimator (5 mm diameter hole) at a
distance of about 100 mm from the top
of a coaxial HPGe detector. This
ensured a pencil like beam would
penetrate the sample and minimize the
complicating influence a broad beam would have. Thus equation 5.1 is applied:
= loe
	 (5.1)
For each mono-energetic gamma ray source, I was determined using an empty 150 cm'
container followed by a series of Is determinations for the selected soils. After each
series of measurements, I was first determined for the next mono-energetic photon
source and verified throughout the series of measurements.
Thus from the measurements of /0 and is , As could be determined from equation 5.2 and
it„, from equation 5.3.
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where p = sample density, it = linear attenuation coefficient and p,„, = mass
attenuation coefficient of the soil sample.
From these measurements the dependence of A and tim
 on photon energy and sample
density could readily be determined.
5.3.3 Results
The measurements for 4 and 4 were made with between 1 and 2 % counting statistics.
The sample thickness and density estimates were made with an estimated 5 % accuracy.
These analytical errors are shown in figure 5.5.
The results for p. and A m and their dependence upon the photon energies of 'Am, 137Cs
and 'Co for the thirty soils are shown in figure 5.4 a and b and tabulated in Appendix
C. Figure 5.4.a shows a variation in A for all energies measured. A large scatter
particularly at low energy (59.6 keV) is observed. However, sample density is also a
factor and when accounted for as in figure 5.4.b, the dependence of ftn, with photon
energy is clearly seen. At low energy the scatter in p.„, is appreciable and must be
associated with variations in sample composition. Three examples of the soils used are
shown in figure 5.4: an organic rich soil (peat); IAEA soil-6; and a heavy mineral soil
from the Lizard in Cornwall. The largest changes in p, and Am with energy are
observed in soils with a much higher mineral content such as the Lizard sample.
The relative dependence of ii. on sample density is shown in table 5.2 where a marked
change is observed between A and Am especially for higher energy photons. However,
as demonstrated, there is almost a 10 % variation in A m for energies associated with
137Cs and 'Co. The dependent nature of it m on sample composition is shown in figure
5.5. The magnitude of the scatter is higher for 59.54 keV photons as demonstrated in
table 5.2. This scatter is independent of sample density and is therefore attributed to
sample chemical composition. Figure 5.5.a suggests a possible relationship with
increasing g„, and density, which may reflect a relationship between sample composition
and sample density. However, the overall random scatter probably reflects the
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Table 5.2 The variation of A and 11,,, with photon energy and expressed in terms of
the coefficients of variation (CV). Dry soil density used.
241Am
(59.54 keV)
137Cs
(661.7 keV)
"Co
(1333 keV)
Mean Density (g cm-3) 1.022 1.022 1.018
Density Std Dev 1 a 0.373 0.373 0.383
CV (1a/mean) 36.6 36.6 37.6
it A II
Mean 0.240 0.0759 0.0546
Std Dev 1 a 0.122 0.0268 0.0202
CV (1a/mean) 50.9 35.3 37.0
istm Am Am
Mean 0.2222 0.0754 0.0539
Std Dev 1 a 0.0475 0.0064 0.0052
CV (la/mean) 21.4 8.44 9.55
dependence of A n, on sample composition.
Table 5.3 shows the importance of the variation in the linear attenuation coefficient it
on half depth, where half depth (Dm) is given by:
1n2
D1/2 =
il
A considerable difference in D112 occurs between organic and mineral rich soils, driven
mainly by their contrasting bulk densities. This has important implications in the
absolut: cfficiency calibration of laboratory based detectors as well as soil sampling
depth for direct comparison with in-situ and aerial based gamma spectroscopy.
5.3.4 Summary
The experiment has demonstrated the dependence of the linear attenuation coefficient
(A) on a combination of sample density, chemistry and photon energy. The mass
attenuation coefficient is dependent upon sample chemistry and photon energy.
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Table 5.3 The variation in half depth with energy.
'Am	 137Cs	 "Co	 "Co
1/2 Depth	 59.54 keV 661.7 keV 1173.3 keV 1333 keV
Mean /cm 3.99 10.9 14.4 15.4
Std. Dev. 1 a 2.19 4.70 6.00 6.57
Max. (Peat) /cm 8.24 22.8 26.0 28.8
Min. (Lzd soil)/cm 1.35 5.65 7.78 7.94
Low density organic rich soils show a smaller change in it and Ain with energy than the
mineral rich, reflecting the dependence on the photoelectric component of the mass
attenuation coefficient at low energy. Thus chemical composition and density would
appear to be important factors in the absolute efficiency calibration of laboratory based
detectors for low energy photons (e.g. 241AM) , whilst sample density would also appear
to be a major factor which will potentially affect the efficiency calibration of higher
energy photons.
However, without examining the composition of the soils, one can only qualitatively
illustrate the variation of Am with possible composition. In addition, this experiment has
not shown clearly where the photoelectric effect loses its dominance over pm and thus
the importance of pm with photon energy. Finally, although a spectrum of soils was
chosen with a potentially wide range in oxide content to be sure of the maximum range
of gm with photon energy, p m
 should be calculated from a broad spectrum of soils with
known composition.
5.4 CALCULATION OF THE MASS ATTENUATION COEFFICIENTS OF A
RANGE OF SOILS
5.4.1 Objectives
The objectives of this section are to calculate the individual photon fractions associated
with coherent, incoherent, photoelectric and pair production interactions and total mass
attenuation coefficients relative to changes in atomic number and photon energy. In
addition, these are to be calculated with respect to a variety of the world's soils chosen
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from the Geostandards News Letter (Govindaraju, 1989) which provides the major and
trace elemental composition of soils as well as other reference materials. Thus Z
- mean is
calculated along with A. for these media and A. is compared with energy and
composition. This is important in accounting for changes in sample chemical
composition and photon energy in laboratory based gamma spectroscopy, as well as
being particularly important when using photon transport equations to calculate fluence
rates and fields of view in environmental gamma ray spectroscopy (section 3.8). In this
latter respect, part of this work was initially undertaken jointly with Allyson (1994) to
identify the maximum likely variation in Am with energy for ICRU (1993) (SURRC
1992). This has provided the most comprehensive investigation into the variation of Am
with sample composition and photon energy yet undertaken.
5.4.2 Method
Previous authors (e.g. Beck et al 1972, Beck 1978, Mudahar and Sahato 1988a,b) have
typically taken a selection of the dominant oxides in soils to calculate A m for a single
soil composition. However, in order to demonstrate the effect of changes in Zmean on
A in , this section includes calculations of An, with minor trace elemental contributions.
Soil compositions were selected from the Geostandards News Letter (Govindaraju 1989)
and compared with other sources as illustrated in table 5.4. This provides the major
weight percent oxide of soils, which includes Si02 , Al203 , Fe203 , FeO, MnO, MgO,
CaO, Na20, 1(20, Ti02 , P205 , 1120, and CO 2 . To this C was also added as a major soil
component.
For completeness, trace elements were also selected for the calculation. However, in
order to save computational time, the trace elements included were rationalised to those
with a potential for making a significant contribution to changes in A m . Thus those
"more abundant" elements with a Z greater than 50 were selected. These included parts
per million (ppm) concentrations of Ar, Ba, Bi, Ce, Cu, Dy, Eu, Er, Gd, Hf, Ho, La,
Lu, Nd, Os, Pb, Pt, Sn, Th, U, and W. In addition, N and S were also included.
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Table 5.4. List of soil samples and references for chemical composition used in the
calculation of Am.
Soil Compositions from Geostandards News Letter (Govindaraju 1989)
1. 24 GXR-2
2. 27 GXR-5
3. 28 GXR-6
4. 36 SO-1
5. 37S0-2
6. 38 SO-3
7. 39 SO-4
8. 98 SP-1
9. 99 SP-2
10
	
100 SP-3
11
	
181 GSS-1
12
	
182 GSS-2
13.	 183 GSS-3
14. 184 GSS-4
15. 185 GSS-5
16. 186 GSS-6
17. 187 GSS-7
18. 188 GSS-8
19. 196 K-3
20. 197 CS-1
21. 198 SAu-1
22. 199 SUR-1
23. 210 S-1
Soil from Park city, Utah, USA
Soil (B zone) Sommerset, County, Maine, USA
Soil B Zone, Davidson County, N. Carolina, USA
Regosolic Clay Soil, Hull, Quebec, Canada
Podzalic B Horizon Soil, Montmorency Forest, N. of
Quebec City, Canada.
Calcareous C Horizon Soil, Guelph, Ontario, Canada
Chermozemic A horizon Soil, N.E. Saskatoon,
Saskatchewan Canada
Black Earth, Kursk, Russia
Moscow Podzol Soil, Russia
Bright Chestnut Coloured Soil (Caspian), Russia
Dark Brown Podzolic Soil, Yichun, Heilongjiang, China.
Chestnut Coloured Composite Soil, Semi Arid Region,
Bainimias, Neimuggo, vicinity of copper deposit, China
Yellow-Brown Soil, Temporate country, Shandong,
vicinity of Gold Mine, China
Limy-Yellow Soil, Subtropical, Yishan, China
Yellow-Red Soil, Humid Area of Quibaoshan,
Polymetallic Ore Field, Hunan, China
Yellow-Red SubtropiLal Soil, Yangchun, Guangdong,
China Copper, tin, tungsten, antimony and arsenic
mineralization in region.
Lateritic Tropical Soil, Leizhou Peninsula, China
Loess Soil, Louchan, Shaanxi Province, China
Tropical Composite Soil, Western Suriname
Tropical Composite Soil, Central Suriname
Gold Bearing Soil from Central Suriname
Composite Soil, Central Suriname
Cu-Ni-Co rich soil from western bank of Sterkstroom
Other Soil Compositions
24. Beck Composition. Harold L. Beck, Joseph DeCampo, Carl Gogolack,
1972. In situ Ge(Li) and NaI(T1) Gamma-Ray Spectrometry. HASL-
258, Atomic Energy Commission, USA.
25. Mudahar and Sahota Composition. 1988. Effective Atomic Number
Studies in Different Soils for Total Photon Interaction in the Region 10-
5000 keV. App!. Radiat. Isot. Vol. 39, No. 12 pp.1251-1254.
26. Peat Dry. Typical organic composition: C=56.8%, 11=5.49%,
N=1.75%, 0=34.74%, S=1.22%
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The contributions of coherent and incoherent scattering, photoelectric effect and pair
production contributions and total A. were tabulated in a spread sheet for the above
elements from Storm and Israel (1970) with later contributions from Hubbell (1982).
The oxide fractions were then split by weight in order to provide their concentrations
in ppm. Elemental compositions of individual soils were then tabulated and the
individual photon interactions and total A. were calculated by weighting each elemental
photon interaction and total pt rn
 appropriately for each elemental member of the soil as
shown in equation 5.5:
= E W i [Ina	 (5.5)
i=1
where A. i is the mass attenuation coefficient of element i, N is the number of elements
present in the soil fraction, w, represents the abundance by weight of the ith element,
such that the sum of wi = 1. Zmean of the soil was also calculated simply by the
weighted average of the individual Z's.
5.4.3 Results and Discussion
Figure 5.6 shows the contributions of coherent and incoherent scattering, photoelectric
absorption and pair production on the total mass attenuation coefficient for energies
between 30 and 6000 keV. The photoelectric effect dominates um at low energies ( <
200 keV approx.). This is linked to the chemical composition of the soil. For energies
greater than about 200 keV, the total um is broadly similar between the three examples
due to similar scattering coefficients.
Beck's soil (Beck et al 1972) has been used by many others to determine the value of
A n, for soils. However, figure 5.6 suggests that for low energies the assumption that
Beck's soil is representative is likely to be inaccurate. By dividing the total itin for each
soil composition by total um of Beck's soil, a comparison of um can be made between
the soils. This is illustrated in figure 5.7. There is a broad distribution of un, for soils
at low energies which increases with reduction in energy. From figure 5.6 this is
dominated by the photoelectric effect and all reference soils provide values of u m that
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are greater than predicted by Beck's soil. The pure organic peat results in very much
lower values for A m than indicated by Beck's soil. However, the reference soils contain
no organic component, due to ashing of samples during preparation for analysis. In the
real world, where organic contents in soils range from 0 to almost 100 %, the spread
of the potential values of A m as indicated in figure 5.7, probably reflects reality.
However, the mean Am is likely to be close to that represented by Beck's soil.
At energies above 150 keV (approx.), incoherent scattering dominates the Am , and very
minor differences between the Beck soil and the geostandard reference soils are
apparent. However, the organic soil shows the largest difference from Beck's soil.
Again, given that most soil contains some quantity of organic matter, the range of An,
likely to be observed would be represented by the organic soil and soil 199. This
suggests a natural variation of about 5 % for ettn, for dry soils and up to 10 % for wet
soils.
From this data base, it is also possible to establish how Am will vary with chemical
composition. Table 5.5 gives the calculated mean atomic number Znean , and the
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associated /A m with different photon energies for the soils. Zmean was calculated by
weighting each elemental component of the soil by its concentration in ppm. Figure 5.8
also plots the change in Am with Zmean for the soils (symbols) and with pure Z (lines) for
given energies.
For the lower errray gamma photons there is a marked difference in Am between the
values obtained from Zmean and Z. At low energy (e.g. 30 keV and 60 keV gamma
photons) this is particularly marked. Mudahar and Sahato (1988b) argue this as
resulting in an effective atomic number (Zeir) from similar earlier reports by Hine
(1952). The Z. can be determined from the interception of tin, of a soil with the pure
Z line for the given energy. Thus, for example from figure 5.8, at 60 keV, soils with
a Zmean of between 11 and 14 would result in a Ze- of between 13 and 16. It can also
be seen from figure 5.8 that the Ze- will vary with photon energy, particularly in the
energy region where the photo electric effect predominates ( <200 keV).
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Table 5.5 The variation in with selected energies and composition.
Sample Zmean 60 keV
ttm (cm2 g-2)
662 keV 1500 keV
1. 24 GXR-2 11.07 0.2956 0.07749 0.05157
2. 27 GXR-5 11.27 0.3057 0.07738 0.05151
3. 28 GXR-6 11.45 0.3148 0.07749 0.05158
4. 36 SO-1 11.79 0.3278 0.07733 0.05147
5. 37 S0-2 11.53 0.3263 0.07730 0.05145
6. 38 SO-3 11.10 0.3024 0.07749 0.05161
7. 39 SO-4 11.01 0.2851 0.07756 0.05164
8. 98 SP-1 11.43 0.2934 0.07728 0.05145
9. 99 SP-2 11.26 0.2848 0.07733 0.05148
10. 100 SP-3 11.61 0.3044 0.07721 0.05140
11. 181 GSS-1 11.82 0.3314 0.07750 0.05156
12. 182 GSS-2 11.65 0.3182 0.07747 0.05156
13. 183 GSS-3 11.39 0.2954 0.07741 0.05153
14. 184 GSS-4 12.27 0.3771 0.07754 0.05159
15. 185 GSS-5 12.79 0.4025 0.07738 0.05146
16. 186 GSS-6 12.08 0.3536 0.07761 0.05164
17. 187 GSS-7 13.34 0.4211 0.07691 0.05135
18. 188 GSS-8 11.91 0.3328 0.07744 0.05154
19. 196K-3 12.26 0.3618 0.07674 0.05106
20. 197 CS-1 13.47 0.4344 0.07656 0.05091
21. 198 SAu-1 13.10 0.4164 0.07655 0.05091
22. 199 SUR-1 13.81 0.4554 0.07651 0.05087
23. 210 S-1 11.34 0.2867 0.07734 0.05147
Mean 11.51 0.3403 0.07725 0.05142
Std. Dev. 2.29 0.0515 0.00034 0.00023
24. Beck 10.71 0.2436 0.07791 0.05202
Composition.
25. Mudahar
and Sahota
12.87 0.3491 0.07650 0.05109
26. Dry Peat. 6.56 0.1798 0.08155 0.05451
27. Wet Peat. 7.09 0.1891 0.08513 0.05682
From Knoll (1989) the probability of photoelectric absorption can be approximated by
equation 5.6:
Iipe =. constant x
z n
35
Ey'
(5.6)
where n varies from between 4 and 5 and E is the gamma ray energy of interest. Thus
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from equation 5.5, this will result in a linear summation of A pe to determine the total
Ape for a given soil. Thus, small changes in the amount of a given element present
within the compound or soil will result in significant changes in Ape for that soil and
therefore also in Am at energies where the photoelectric absorption predominates. As
a result, for higher gamma photon energies ( > 200 keV) out of the energy region
dominated by the photoelectric effect, the values of A m for soils resemble those
associated with pure elements and thus ze Zmean•
Figure 5.8 and table 5.5 demonstrate that A m for the geostandard reference soils do not
vary as markedly as was suggested by the experiment described in section 5.3.
However, this can be explained by the preparation of the geostandard materials for
analysis. These samples were ashed thus burning off the organic components of the
sample. Organic compositions, as indicated in figure 5.8 and table 5.5, result in A m of
significantly different values, particularly at low energy. Thus naturally occurring soils
with variable organic content will lead to greater observed variation in ikm than indicated
here and as shown in figures 5.4 and 5.5.
Note also that for 60 keV photons, the variation in soil chemistry resulted in a range
in values of Am from 0.284 cm2 g' to 0.455 cm2 g-' giving a standard deviation of only
15%. Measurements of a variety of soils which include different amounts of organic
content led to observed variations in Am with 241Am of up to 21.4 % as given in table
5.2. Again, this can be accounted for by the addition of the organic component to
natural soils. Table 5.5 shows that A m at 60 keV may be as low as 0.180 cm2 g-' for
organic rich soils. Adding this organic component to mineral rich soils at
concentrations from 0 to 100 % will effectively change the observed Am for all energies.
Thus, for low energy photons, the amount of organic content in the soil can also be a
controlling factor on the final A m observed.
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5.5 DISCUSSION AND IMPLICATIONS OF SOIL SELF ABSORPTION
5.5.1 Summary
From both experimental observations in sections 5.3 and 5.4, as expected, the
photoelectric effect dominates observed values of A. at low energies ( < 200 keV
approx.). The degree to which this controls it m for soils has been quantified. At low
energy the photoelectric effect results in ,u. estimates for soils to be higher than for
pure elements. In compounds such as soils, Z.ean is  not related to orbital electron
density as with neutral atoms. As a result, itp, which is proportional to Z4 - 5 is likely
to be influenced by some of the heavier elements present.
At higher energies ( > 200 keV approx.) the observed and calculated variation in ii. is
far smaller. In this region where incoherent scattering of photons dominates ,un„
variations are estimated to be significantly less than 10%. Most of this variation above
200 keV may be explained by the amount of organic matter present.
5.5.2 Implications for Laboratory Based Gamma Ray Spectrometry
The implications of this work for laboratory based gamma spectroscopy suggest that for
energies above 200 keV the variation in sample self absorption and scattering is
dominated principally by sample density, and to a lesser extent by the amount of
organic matter present in the sample. At energies below 200 keV, photoelectric
absorption dominates the attenuation characteristics of the soil which in turn are
determined by the chemical composition of the sample. Although, changes in sample
density may account for some of the attenuating characteristics of the sample, it is still
the chemical composition which predominantly controls ,u. at low photon energy.
Thus by accounting for sample density one can correct for the consequential changes
in detector efficiency for energies above 200 keV, whilst only partly doing so for
energies below 200 keV. This is discussed further in section 5.6.
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5.5.3 Implications for In-situ and Airborne Ganuna Ray Spectrometry
As discussed in section 5.2, the half depth observed from differing values of has
particular implications on in-situ gamma ray spectroscopy. From the half depth we can
estimate the soil sampling depth required for effective comparison with in-situ and aerial
survey gamma spectrometric techniques. As the primary photon contribution to photon
fluence decreases exponentially with depth, there is a trade off with the depth of soil
core required to be representative. The effective sampling depth can be defined as three
times the half depth. Thus, if we assume that the activity distribution is uniform, then
87.5 % of the primary gamma photons from the ground can be accounted for.
For energies below about 200 keV, e.g 59.6 keV, the mean half depth observed for dry
soils is about 4 cm ± 2.2 cm. Although this value varies considerably (table 5.2), it
does suggest that 87.5 % of the primary photon fluence for 'Am originates from about
the top 12 cm of the soil profile. In contrast, at 662 keV, the mean half depth is about
11 cm ± 4.7 cm, depending primarily on soil density. Thus, on average about 87.5
% of the primary photon fluence originates from an integrated depth of about 33 cm.
For higher photon energies, such as at 1333 keV, the half depth is 15.4 cm ± 6.6 cm.
At these energy values, 87.5% of the photon fluence will originate from depths of over
45cm.
The variation in L with soil type is an example of an environmental factor or variable
which has implications for the effective sampling depth required to make direct
comparisons with in-situ and aerial survey gamma ray spectrometry. The half depth
for 137Cs can vary from about 30 cm in peaty locations to 4.6 cm in very high density
salt marsh sediments. Further more, this factor is complicated by the stratification of
source distribution. Fortunately, for these peaty sites, most ( > 90 %) of ' 37Cs is found
in the top 30 cm of the soil profile. However, in coastal salt marsh environments,
examination of the vertical stratification reveals the development of the subsurface
maxima within and below the typical 30 cm soil sampling depth. This degree of source
burial will lead to a significant amount of primary photon attenuation resulting in
increased secondary scattered photons. Thus for an extreme example, activity buried
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within a narrow layer at 30 cm depth, only 12 % of the primary photon fluence
originating from this level would reach the surface. This environmental factor for in-
situ gamma spectrometry is discussed further in chapter 7.
However, difficulty is observed when sampling for higher energy photon emitting
radionuclides (40K, 214B . , 2081 T1) particularly in highly organic rich sites. At energies of
1500 keV, for example, observed half depths may vary from 43 cm (peat) to 6.5 cm
(sediment). This causes problems when activity is quoted in terms of activity per unit
area (Bq m-2), as the integrated sampling depth will be dependent upon photon energy
and soil type characteristics. If the distribution of activity is uniform with depth and
activity is measured in concentration (Bq kg- '), then the effective sampling depth is not
constrained by depth requirements. However, if the source distribution is not uniform
with depth, then further attention must be given to the effective sampling depth. The
importance of this was demonstrated with 4°K within the Raithburn Valley investigation
where the highly acidic organic soils, effective in breaking down clays, reduce uptake
of 4°K into the soil column. For photon energies of about 1500 keV with low soil
densities, between 60 % (p .--- 300 kg m-3) and 25 % (p.--- 800 kg m-3) of the primary
photon fluence observed at the soil surface may originate from below typically the 30
cm soil sampling depth, particularly if the activity was concentrated just below the
sample depth e.g. from underlying geology. Consequently the potential variation in
density with water content, particularly in peaty soils, will result in variations in the
attenuation of the primary photon fluence, which therefore leads to temporal changes
in the effective sampling depth. This is also discussed further in chapter 7.
The influence of p.m on low energy ( <200 keV) in-situ gamma spectrometry
complicates the in-situ estimation of 241 Am activity. Here, in addition to density, the
effect of soil composition, and thus jam will influence the effective sampling depth. This
may make absolute quantification of detected photon fluence rates difficult.
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5.6 SAMPLE SELF ABSORPTION CORRECTION FOR ABSOLUTE
EFFICIENCY CALIBRATION OF LABORATORY BASED DETECTORS
5.6.1 Objectives
As already demonstrated, density effects and changes in sample composition can result
in marked changes in the linear attenuation coefficient associated with changes in soil
type. At lower energies this is dominated by the photoelectric effect which in turn is
controlled by changes in sample composition. At higher energies ( > 150 - 200 keV)
density and to a lesser extent soil composition, dominated by changes in organic
content, results in changes in the linear attenuation coefficient.
Thus, corrections for sample self absorption for laboratory based gamma spectroscopy
are determined here empirically. This should account for potential changes in sample
density and composition for energies above 200 keV, whilst only partly accounting for
such variations for energies below 200 keV. To account for changes in sample self
absorption for energies below 200 keV, a calibration associated with the linear
attenuation coefficient would be more appropriate.
The degree of influence of changes in ttm and density on the absolute efficiency
calibration is also influenced by the geometry size of the sample with respect to the
detector crystal size. A coaxial Ge(Li) and HPGe detector and 50% relative efficiency
GMX Detector were calibrated with this technique.
5.6.2 Method
To achieve a correction for self absorption and scattering, a range of samples of
differing densities was required. To achieve this, two ground and homogenous samples
of very different composition were used. The first was a sediment collected from
several metres depth with a relatively high density of 1.5 g cm- 3 (Elginhaugh soil). The
second was a monolithic peat sample collected at 1.5 metres depth with a density of
0.53 g cm-3 (Ilkley Moor monolithic peat). Both samples were checked to be free of
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anthropogenic radionuclides. By mixing these two samples in different proportions, any
number of hybrid samples could be made with varying densities ranging from the
minimum of 0.53 g cm-3 to 1.5 g cm-3 with corresponding variations in organic content.
Section 3.5.6 discusses the two methods used for spiking soils with radionuclides. The
absolute efficiencies for the natural radionuclide energies are determined by
interpolation between the anthropogenic calibration points with polynomial equations.
5.6.3 Results and Discussion
100	 1000
Energy keV
Figure 5.9 The change in absolute efficiency with energy and sample density
(Elginhaugh Soil = 1.5 g cm-3 , Monolithic Peat = 0.53 g cm-3).
For the two extremes in sample density, figure 5.9 demonstrates the magnitude of
change in detector absolute efficiency with energy. The data are tabulated in Appendix
D. The difference in absolute efficiency for the two soils is greatest at low energy.
This is caused by changes in the effective sample geometry, or effective solid angle
exposed to the detector which is brought about by the change in it, as well as by a
change in density. Polynomial equations are fitted to these points either side of the
165.8 keV point.
146
These two curves for each detector clearly suggest the need for a density corrected
absolute efficiency calibration. 	 Thus
absolute efficiency curves were Table 5.6 The Photo-peaks used in
determined for a suite of hybrid soils of Density Correction Efficiency Calibration
varying density. From the polynomial
equations derived from the subsequent
efficiency curves with photon energy,
absolute efficiencies could be derived for
photons from the primordial
radionuclides.
Nuclide Energy keV % Yield
241Arn 59.5 36.3
"Cs 661.7 85.2
134Cs 604.74 97.6
40K 1460.6 10.7
214Bj 1764.79 16.4
208T1 583.0 86.0
In this study the anthropogenic
radionuclides of particular interest are 241Am, "Cs and 134Cs and the primordial
radionuclides of interest are 40K , 214Bj and 208Ti. The tabulated data are given in
Appendix E. The Canberra Spectran AT software has the capability of using as many
of the photo-peaks available per radionuclide of interest to determine the activity
concentration. However, this approach was simplified in order to determine a density
correction. Single photo peaks were chosen which could not be confused in the
spectrum and which had a relatively high photon yield. Table 5.6 shows the photo
peaks chosen for density correction and radionuclide inventory analysis.
The efficiency calibration was based on the wet spiking technique as described in
section 3.5.6. Figures 5.10 and 5.11 show the calibration lines for 150cc containers
on a Ge(Li) detector for the energies of interest as shown in table 5.6. The equations
of each line are given in table 5.7. From figure 5.10.a, 241 1-un't — demonstrates a linear
regression with absolute efficiency and sample density. Similarly figure 5.10.b shows
the simple linear regression through the calibration points of the hybrid soils for 'Cs.
To verify this calibration technique the procedure was repeated three times for the pure
Elginhaugh soils and twice_ for the pure peat samples. As shown in figures 5.10 and
5.11, no significant variation in detector response was observed from these multiple
samples for the energies of interest.
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Table 5.7 Absolute Efficiency Calibration Equations For Sample Self Absorption.
Errors include error on calibration curve and absolute efficiency.
Eff = Absolute detector Efficiency, D = Sample density (g cm')
Coaxial Ge(Li) Detector
150 cm3 Geometry (0 = 6.5 cm, t = 4.7 cm)
Nuclide Equation of line of best fit
Range in
Error %
Change Eff.
%
p= 0.5-1.5
241Am Eff = 0.009125 - 0.002916 . D 3.9 - 4.5 61.38
137Cs Eff = 0.015284 - 0.002076 . D 4.0 - 4.3 17.06
134Cs Eff = 0.016360 - 0.002057 . D 3.9 - 4.3 15.52
40K Eff --= 0.007386 - 0.000735 . D 1.5 - 2.6 11.70
214Bi Eff = 0.006252 - 0.000558 . D 2.8 - 4.2 10.30
208Ti Eff = 0.016938 - 0.002160 . D 4.0 - 4.6 15.77
75 cm3 Geometry ( ,t. = 5.0 cm, t = 3.9 cm)
241Am Eff .=-• 0.010992 - 0.002470 . D 4.2 - 4.8 33.90
137Cs Eff = 0.018318 - 0.002219 . D 4.2 - 4.5 14.80
l34cs Eff = 0.020129 - 0.002619. D 4.3 - 4.5 16.17
40K Eff = 0.008778 - 0.000974 . D 2.0 - 2.7 13.31
214Bi Eff = 0.007310 - 0.000586 . D 3.0 - 4.0 9.11
2"T1 Eff = 0.020893 - 0.002775 . D 4.2 - 4.7 16.59
Coaxial n-type HPGe Detector, 150 cm 3 Geometry
241Am Eff = 0.07950 - 0.025990 . D 3.5 - 4.0 64.15
137Cs Eff = 0.01680 - 0.002320 . D 4.0 - 4.5 17.42
50 % GMX n-type HPGe Detector, 150 cm 3 Geometry
241Am Eff = 0.09571 - 0.026420 . D 3.5 - 4.0 45.97
137Cs Eff = 0.02384 - 0.002280 . D 3.5 - 4.0 11.17
	MIN
A separate pure 137Cs Amersham spike was then used to spike soils collected in the
environment which had very low concentrations of 'Cs. The dry spiking technique
was used. The activity of spike used was between 200 and 300 times the soil's natural
activity. Even so, the activity present was taken into account in the analysis, although
its contribution was almost negligible. Figure 5.10.b shows that both spiking
techniques agree with each other.
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Figure 5.10 The change in absolute efficiency with sample density for anthropogenic
radionuclides with 150cc geometry containers (data in Appendix E).
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Figure 5.11 The change in detector absolute efficiency for primordial radionuclides
in 150cc geometry containers (data in Appendix E).
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The linearity in detector response with
activity concentration was also verified.
Samples analyzed during this study had a
typical activity range of between 3 and
3000 Bq kg'. Thus a single sample of
density 1.17 g cm-3 was spiked three
times in succession with the wet spiking
method. No systematic variation was
observed and the slight scatter on the
graph can be attributed to slight changes
in sample mass and density in addition to
analytical errors.
Analytical errors brought about by
	 Sample Weight (g)
changes in sample weight, ie under/over Figure 5.12 The change in detection
efficiency with sample weight reduction i.e.
filling of the detector geometry were sample under-filling.
examined. The results of consecutively
under-filling the Elginhaugh 150 cc geometry are demonstrated in figure 5.12. Very
little variation is observed for 'Am detection efficiency with up to a 30 % reduction
in sample within the geometry. Clearly, the majority of the 241Am photons originate
from the lower portions of the sample. For higher energy photons, such as ' 37Cs as
shown in figure 5.12.b, the same reduction in sample content leads to a considerable
increase in detection efficiency. This is because the detector geometry is changing and
the mean sample-source position is moving closer to the detector. However, from such
observations, sample weight variations of up to +10 % could be tolerated. Galloway
(1991b and 1993) describes a method to correct for under filling of standard sample
containers. He also shows that small variations in sample filling are effectively
compensated for by the changes in self absorption characteristics.
i37Cs calibration is clearly corroborated by the two spiking techniques used and by the
use of different soil types including a variety of peats from a range of depths and
locations, clay and mineral rich soils from Camboume and the Lizard. Any possible
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contribution brought about by minute changes in Am , are likely to be accounted for by
the scatter about the line of best fit. A contribution to the scatter of points is also
likely to have been introduced by pipetting errors during the spiking procedure. These
errors have been determined to be better than 2 %. From figure 5.10 a linear
approximation to the relationship between absolute efficiency and sample density is
used. However, the higher energy photon calibration curves in figure 5.11 (e.g. 4°K
and 214Bi) indicate a non-linear relationship. Further examination of the 137Cs graph
(figure 5.10) shows a contradiction in this non-linear trend by the verification points
(pure 137Cs spike). Further detailed experimental work with higher precision absolute
efficiency estimates would be useful to determine the nature of this relationship.
However, given that the majority of the samples analysed fell outside the 0.8 to 1.2 g
cm-3 density range, a linear approximation was used.
Figures 5.10 and 5.11 and table 5.7 also show the decrease in gradient with increasing
photon energy. The mass attenuation coefficient decreases with increasing energy and
changes in sample density result in smaller changes in the absolute efficiency of the
detector for the 150 cm3 sample container.
The errors involved in the analysis include the random and systematic errors provided
with the spike certification, counting statistics, the pipetting error and the error about
the regression for the line of best fit. The sum of these errors was calculated simply
as the square root of the sum of the squares of the fractional error components. These
are given in table 5.7. This demonstrates the need to take into consideration the errors
in the efficiency calibration in the final inventory analysis. All too often figures are
quoted to single percent precision levels with no consideration of calibration error.
Over 90% of the soil sample analyses were performed with the 150 cm 3 geometries.
The smaller geometries were used when the quantity of sample available was not
sufficient to fill the larger 150 cm 3 geometries. Fewer calibration points were used in
the determination of the 75 cm3 and petri dish calibration resulting in an overall larger
error estimate. By observing the relative change in efficiency with sample density (e.g.
density change from 0.5 to 1.5 g cm- 3 ; table 5.7), comparisons can be made between
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sample-detector geometry and absolute efficiency measurements. For 150 cm3
geometries, there is a very similar sample-detector geometry relationship resulting in
similar relative changes in absolute efficiency calibration for the coaxial detectors. For
the larger GMX detector, similar changes in sample density result in smaller changes
in detector absolute efficiency. In addition, as shown for the Ge(Li) detector, when
geometry size decreases the absolute efficiency of the detector increases.
The change in calibration gradient with sample size is dependent upon: i) sample
density, ii) surface area exposed to the detector, and iii) sample volume. Table 5.7
shows how with smaller container geometries, the change in efficiency calibration
across the density range (0.5 g cm- 3 to 1.5 g cm-3) decreases.
A similar calibration was carried out on coaxial and 50% GMX HPGe detectors. The
calibration equations for 'Am and 137Cs are illustrated in table 5.7. Clearly the
absolute efficiency for 'Am is much higher for the HPGe detectors than the Ge(Li)
detector, and ' 37Cs is significantly higher on the 50 % GMX HPGe detector. The
gradient of the calibration curve for "Am is very much greater for the HPGe detectors
than the Ge(Li) detector and is likely to be related to the change in effective detector
geometry. In addition comparisons between efficiency determinations for 30 cm 3 (q5 =
4.8 cm, t = 1.65 cm) sized sample geometries on the 50 % GMX detector suggest that
density corrections required for both 241 Am and 'Cs are negligible.
5.6.4 The variation of A and A. for environmental samples from that associated
with the calibration soils for 59.6 keV photons.
Figure 5.13 shows the change in the linear attenuation coefficient (A) at 59.6 keV with
density for the hybrid samples used for detector efficiency calibration. Several samples
collected at various depths and locations across the Caerlaverock salt marsh and an
IAEA sample are also shown in figure 5.13. There is a good correlation between the
hybrid samples used for calibration and the Caerlaverock samples. This suggests that
the hybrid sample compositions are similar to the Caerlaverock samples. The IAEA
sediment 306 sample however does not correlate well with the calibration samples.
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Figure 5.13 The change in the linear attenuation coefficient with sample density for
the calibration samples, Caerlaverock samples and IAEA 306 Standard
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Figure 5.14 The variation of tt n, with sample density for the calibration samples,
Caerlaverock samples and IAEA soil 6.
From figure 5.10.a an efficiency calibration of approximately 8% lower than that
indicated by the sample density would be more appropriate.
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Figure 5.14 demonstrates that the variation in the mass attenuation coefficient is
consistent with the calibration samples. The Caerlaverock samples generally agree with
this trend although there is evidence of a slight deviation from this trend with the lighter
more organic rich samples. For the IAEA sediment 306 sample, there is a clear
difference between the mass attenuation coefficients measured and those of the
Caerlaverock and hybrid samples.
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Figure 5.15 241Am detector calibration correction based on changes in sample it at
59.6 keV.
These relationships corroborate the calibration for 241 Arn soil core inventories for the
Caerlaverock site. The results, however, suggest that 241 Am calibration correction
should be based upon linear attenuation coefficients GO of the samples for 59.6 keV
photons as illustrated in figure 5.16. Here the calibration correction for 150 cm3
containers would be based upon equation 5.7:
	
Eff = 0.0092 - 0.01222 • 11	 (5.7)
5.6.5 Verification and Quality Assurance
Verification of this calibration can only be brought about with reference to international
-
standards. Table 5.8 shows the standards used and the results obtained. Cross
comparison of inventory estimations across geometry sizes is illustrated in the following
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Table 5.8 Quality Assurance and Calibration Verification
Activities quoted in Bq kg'. Concentrations in () are in ppm
Errors/Measured Range quoted at la. BDL = Below Detection Limits
IAEA Soil 6
150 cc Geometry Size
Reference
Nuclide	 Value
	
Range
Measured
Value Range
"lCs
	 53.65	 51.45 - 57.9 51.389 48.72 - 54.06
IAEA Primordial Reference Material
75 cc Geometry Size
401(	 13700 (52.4) 14700 (56.5) + 3 %
(214B1)	 4820 (400)238Ueq• 4970 (412.3) + 3 %
232Theq (208T1)	 2960 (800) 2930 (791.9) + 4.5 %
NBS Standard SRM 4353
75 cc Geometry Size
' 31Cs 17.6 + 4.5% 16.8 - 18.4 15.7 + 7% 14.7 - 16.8
241Am 12.5 + 7.3% BDL
40K 723 ± 9.6% 653 - 792 688 + 3% 674 -702
238U 38.9 + 5.1% 38.9 - 40.9 40.3 + 7% 37.4 - 43.3
232Th 69.3 + 5.1% 65.8 - 72.8 63.6 + 5% 60.7 - 66.5
Refer to table 6.1 for inventory comparison across geometry sizes
chapter in table 6.1. In addition, to ensure the quality of results over time, a bulk
sample has been repeatedly counted as demonstrated in figure 6.2.
Table 5.8 provides a comparison between internationally derived inventory estimates
for reference materials and inventory estimates using the above determined calibrations.
There is a good comparison for the primordial radionuclides for all standards and for
137Cs in IAEA soil 6. However, there is a slight underestimation of the ' 37Cs in the
NI3S standard SRM 4353. Given the good correlation between geometry sizes (table
6.1) and the likely insignificant change between g m of the two sample standards at 662
keV, there is a suggestion of inconsistency between the standards. Sample composition
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used in the calibration procedure must be particularly important in determining this
reference value for "Am. Verification of 'Am calibration has been hampered by low
detection efficiency for low energy photons with the Ge(Li) detector.
5.7 SUMMARY AND CONCLUSIONS
The experiments and calculations observed here clearly indicate that sample self
absorption is dictated by the mass attenuation coefficient (Ain) and sample density. For
energies below 200 keV, ,um is highly dependent upon sample chemical composition,
whilst above about 200 keV sample density dominates the attenuating characteristics of
soil. These observations have significant implications on both laboratory based and in-
situ gamma ray spectrometry.
Given the dependence of self attenuation upon sample composition, any calibration of
laboratory based detectors for radionuclides with energies below 150 keV e.g. nopb
(46.52 keV), 234Th (63.28 KeV) and "Am (59.6 keV) should take this into
consideration. One possible means of measuring It, as demonstrated in this chapter, is
to measure the photon absorption with collimated point sources thus enabling an
appropriate absolute efficiency calibration to be used.
For energies above 150 keV, sample self absorption is less dependent upon variation
in p.m . Any variation in Am appears to be controlled by the amount of organic content,
with the maximum expected variation in A m observed to be a little over 5 % at 662 keV.
Photon scattering at these energies is dominated by changes in sample density.
Observed changes in the linear mass attenuation coefficient revealed large changes in
the half depths of soils encountered which also changed with photon energy and soil
density. Such variations may lead to changes in the effective sample-detector geometry
and thus also changes in the absolute efficiency calibration of the detector. The
calibration correction required is dependent upon the original size of the sample
container and detector geometry.
Density corrected calibration curves have been determined to account for changes in
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sample self absorption due to changes in sample density. For energies above 150 keV,
the calibration has been verified with IAEA and NBS standards. Verification of
inventory estimates below 150 keV must take into consideration changes in sample
composition. Density correction of these samples only performs part of the correction
required. The effects of large changes in earn may be avoided by designing sample
containers which have a thickness t that is very small compared with the minimum half
depth of the sample so far encountered e.g. 1.3 cm for "Am, thus essentially making
the sample non-self absorbing. Alternatively, if a calibration is designed to be
dependent upon the samples A, then subsequent measurement of unknown samples could
be preceded by a determination of A with a similar experiment as described in section
5.2.
The use of these systematic self absorption corrections provide better levels of precision
on sample activity estimation. Failure to account for sample self absorption may lead
to significant systematic errors. Alternative techniques to overcome the difficulties
imposed by changes in sample characteristics would be to use containers which are thin
and small compared to photon half-depth. Thus changes in the effective geometrical
shape due to changes in the sample's density and A m would be minimised. However,
smaller samples require longer counting times and the representability of the sub-sample
of the whole is in doubt unless homogeneity is accounted for. Such sub-sampling errors
may contribute considerably to the overall estimate of precision on the activity estimate.
The influence of sample size on sampling error is investigated in chapter 6.
The influence of variation in p, have significant implications on the integrated sampling
depth for comparison with in-situ and airborne gamma ray spectrometry. For uniform
sources and with activities expressed in terms of activity per unit mass (Bq kg- 1) this has
little relevance. However, as discussed in section 5.5.3, for anthropogenic sources
which are stratified with depth as observed in both terrestrial and salt marsh
environments (chapter 7), the influence of A on photon fluence and its change with soil
and sediment type as well as with water content are quite considerable. The vertical
stratification and its influence on photon fluence controlled by p, must be an important
environmental factor which influences in-situ and airborne gamma spectrometry.
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6. ACCOUNTING FOR SOIL SAMPLING ERRORS, SPATIAL
VARIABILITY AND FIELDS OF VIEW IN ENVIRONMENTAL
GAMMA RAY SPECTROSCOPY
6.1 INTRODUCTION
The Raithburn valley project demonstrated the problems associated with estimating
environmental radioactivity and its spatial distribution using techniques with very
different spatial sampling characteristics. This problem is highlighted when
comparisons between these techniques are required. As discussed in chapter 1, for the
environmental scientist and geologist, interpretation of in-situ and airborne gamma ray
spectrometry is aided when the calibration relates directly to soil and sediment sample
data rather than fixed artificial calibration standards. Thus calibration, verification and
interpretation of environmental gamma ray spectrometry measurements may be best
achieved when related spatially with soil sample derived estimates.
Sampling and sub-sampling errors are rarely acknowledged in the reporting of
environmental radionuclide inventory estimations from soil sample analysis. The
problem of spatial variability has received little more than a tacit recognition by
environmental scientists. In contrast, since at least 1915, when Harris observed the
variability within soil strata, the problems of pedological spatial variability have been
recognised by the soil scientist. Although the problem still remains today, e.g. with site
variability obscuring temporal variability (Frankland et al 1962), spatial variability has
received considerable attention by soil scientists (e.g. Burgess and Webster 1980;
Cameron et al 1971; Cambell 1979,1978; McBratney and Webster 1986; Schimmack
et al 1987; Wilding and Drees 1983) and geochemical sampling errors by geochemists
(e.g. Gy 1967; Ingamells et al 1972; Ingamells 1974 a,b; Visman 1969, 1972).
This chapter examines the problems that environmental heterogeneity imposes on
sampling and sub-sampling of soils for radionuclide activity estimation. The
heterogeneity of radionuclides in soils is caused by the interaction of many
environmental factors such as the depositional and emplacement mechanisms and
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assimilation controls within the soil profile, coupled with the soil's own natural
heterogeneity. Quantifying the heterogeneity of radionuclides in soils is also important
when trying to spatially relate soil samples with the fields of view of in-situ and aerial
survey detectors. It is of particular importance to account for spatial variability for a
range of detector altitudes for the determination of height correction coefficients.
6.1.1 Spatial Variability
The lack of recognition of the influence of spatial variability and sampling errors on
inventory estimation is surprising, since, for example, 137Cs soil activities of between
3 and 3000 Bq/kg typically correspond to concentrations of between 10 -15 to 10-12 parts
by weight. This small fraction coupled with different depositional mechanisms may
lead to highly heterogenic distribution of activity in soils. The extent of spatial
variability can be appreciated when considering the differences which may be expected
between water borne and aerial deposition, both from the stratosphere and troposphere,
of anthropogenic sources. The degree of spatial variability will depend on the
depositional pathway. Subsequent weathering and re-mobilization of the radionuclides
within the soil matrix, which itself has heterogenic characteristics (Livens and Baxter
1988 a and b), will add to the horizontal spatial and vertical distribution of radionuclide
concentrations.
Similarly, the soil concentrations of naturally occurring U, Th, and their daughters and
40K are governed by the underlying geology, weathering, erosion and deposition and the
chemical behaviour and mobility of these elements with different soil types as
summarised in chapter 2. The subsequent spatial variability of radionuclides due to bed
rock or lithospheric variability may range considerably from a nanometre scale within
U rich minerals to a centimetre scale in areas of intense mineralization, such as the
Needles Eye area (Miller and Taylor 1966) to a kilometre scale in areas of relatively
uniform geology.
Therefore, one might expect micro (soil sampling level) and macro variability (variation
between soil sample sites or in-situ spectrometric measurements) to be a significant
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factor in environmental inventory estimation. Against this, although many papers have
been written on the distribution and concentration of radionuclides in contrasting sites
and site material (e.g. Ritchie et al 1970; Bunzl and Kracke 1988), only a few site
specific studies of spatial variability have been undertaken. These have tended to be
along transects (e.g. Sutherland and de Jong 1990) although Parkinson and Horrill
(1984) used both transect and some grid sampling plans to examine sample site
variability of anthropogenic radionuclides in vegetation on the salt marsh and pasture
fields of Cumbria. However, single transects whilst allowing variability in one
direction to be observed, do not allow spatial anisotropy (directionality in spatial trends)
to be estimated.
Parkinson and Horrill (1984) recognised the problem of sampling error with vegetation
sampled from Sellafield contaminated grazed and ungrazed salt marsh areas and pasture
fields. They studied the variation of actinide inventory estimation due to laboratory and
field conditions. They recognised an error of between 7.9 % and 9.2 % from replicate
analysis with careful laboratory procedure. Parkinson and Horrill recognised that field
variability is controlled by sampling technique and "inherent variability within the site
itself". Their paper concentrates on sampling error determined from grid and transect
data and found site variability ranged from 47.2% for an ungrazed salt marsh to 95.7%
for a grazed salt marsh area for 239 +2`1°Pu analysis and 35% for 137Cs on the ungrazed
salt marsh. However, by dividing the samples into discrete vegetation classes and thus
stratifying the sites accordingly, the coefficient of variation dropped, for example, from
35% to 16% for 'Cs. Parkinson and Horrill also calculated that between 23 and 44
samples were required for the mean inventory estimate to fall within 10% of the true
mean at a 95% confidence level.
A similar study was undertaken by Drichko et al (1977) and Drichko and Lisachenko
(1984) for the distribution of the natural radionuclides 226Ra , 228Th and 4°K in a range
of cultivated Russian soils, grains and potatoes. Although no spatial dependence was
assumed or accounted for, the distributions of radionuclide concentrations in agricultural
plants followed closely that of the soil, with 4°K demonstrating a normal frequency
distribution, whilst 226Ra and 228Th showed a log-normal frequency distribution. Poisson
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statistics are usually assumed to apply in soil sampling, although gaussian distributions
are often used to simplify ideas and results.
Recognising the lack of investigation into the problem of radionuclide spacial variability
Sully et al (1987) and Sutherland and de Jong (1990) undertook transect studies to
investigate this phenomenon. Sully et al discussed the sampling strategy and data
analysis required to characterise natural radionuclide specific activities in soil. 100 m
transects were sampled at 1 m intervals at a depth of 25 - 35 cm for undisturbed soil
in an area of "uniform" geology. The coefficients of variation of the sample results for
226Ra , 228,-%tca, were less than the analytical error and thus variability can be accounted for
by analytical or measurement error. Sutherland and de Jong (1990) successfully used
autocorrelation analysis to study the distribution of anthropogenic (weapons testing
(40K, 2.38u and 232137Cs) and natural Th series) 7 emitting radionuclides in three fields of
Saskatchewan. Autocorrelation analysis was applied to 240 m length transects with 20
equally spaced data points. At each point three 5.4 cm diameter cores were collected
in 0-15 cm and 15-30 cm intervals. Generally, no serial correlation was found within
distances of between 12.5 m and 125 m and thus each sample did not replicate
information and was independent. The coefficients of variation (CV) for the natural
radionuclides ranged from 2.3% to 10% whilst for 137Cs, the CV ranged from 18% to
23%. Again, the number of sample locations required to estimate the 137CS inventory
to within 10% of the true mean at 95% confidence was between 12 and 20.
Much work has been undertaken on spatial variability associated with Nuclear test sites
with or for the Nevada Applied Ecology Group (NAEG) / Desert Research Institute
University of Nevada System. Fowler et al (1974) and Gilbert et al (1974) discussed
the philosophy of soil sampling and sampling design in application to plutonium
distribution measurements in the Nevada test site. A technique of stratified random
sampling was employed. Initially, a Nal field spectrometer was used to map the spatial
distribution of 241 Am to predict 239Pu concentration. These results were stratified into
activity concentrations and used to guide random soil sampling within each stratified
unit. However, attempts to calibrate the NaI field spectrometer for 241 Am and thus also
239Pu mapping were not so successful.
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Barnes (1978), Barnes et al (1980) and Gilbert and Simpson (1985) applied semi-
variogram and variogram geostatistical techniques, traditionally applied to
geoexploration and pedological variability, to the distribution of bomb testing fallout in
the Marshall Islands and Nevada test site.
Barnes developed the lcriging technique for radionuclide inventory area estimation of
the Frenchman Lake region of the Nevada test site (Barnes et al 1980). Site
characterisation was undertaken for isopleth estimation for 241 Am, 155Eu, 152Eu, 137Cs,
'Co and 239Pu with a collimated in-situ HPGe detector attached to a four wheel drive
vehicle. Grid sample spacings were at least 100 feet apart and were based around the
ground zero (GZ) positions. Extensive sampling was undertaken in the Small Boy GZ
area. Variogram analysis of the plume areas displayed anisotropic characteristics
though a single spherical model was fitted to the data with a typical range of 1000 feet.
Each radionuclide displayed similar distribution characteristics. For non-plume areas,
a linear model was appropriate for variogram distributions except for 'Co where a
spherical model was applied. This was attributed to the lack of 'Co observations.
Other GZ areas were sampled and similar distribution characteristics were observed.
Gilbert and Simpson (1985) discussed the limitations of kriging for global, regional and
sub-regional applications and found that the influence of change in support (sample
volume, shape and orientation) can affect the shape of semivariograms. They applied
a log-normal model to a data set of 'Am samples from the nuclear site 201 on the
Nevada test site. Sample spacing was least where concentrations were highest and most
variable, notably at the GZ locations. This produced a skewed data set. The data
demonstrated the importance of not ignoring the change in semi-variogram model over
space for the estimation of the spatial distribution of activity.
Very little work, however, appears to have been carried out in the quantification of
radionuclide spatial variability in the environment resulting from different sources of
input, ie. atmospheric or marine to land transfer. The major problem for such a
detailed study is the time and expense required in soil sample analysis. However, given
a correctly calibrated and understood detector system, in-situ or aerial gamma ray
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spectrometric measurements provide a relatively cheap and rapid means of monitoring
spatial variability on different scales of study. Such data can be analysed both
qualitatively through mapping and quantitatively through semivariogram analysis.
However, as discussed in section 3.8, the spatial response of the in-situ and aerial
survey detector is centre weighted. Although this feature is generally recognised (IAEA
1991), few people have attempted to overcome this problem and the consequences of
not doing so are not generally appreciated. Barnes (1978) illustrates a simple sampling
plan for collimated in-situ detectors.
This chapter therefore discusses techniques and solutions for relating soil samples with
in-situ and aerial survey gamma spectroscopy measurements. This involves the
understanding of soil sampling and sub-sampling errors, the calculation of circles of
investigation or fields of view (section 3.8), and the development of sampling plans
which spatially match these fields of views at various platform heights and account for
radionuclide spatial variability within the field of view of the detectors.
6.1.2 Sampling and Sub-sampling Errors in Radionuclide Inventory Estimation
The problems of sampling and sub-sampling errors have long been recognised by the
geochemists ( e.g. Gy 1967; Ingamells et al 1972; Ingamells 1974 a,b). Sampling error
often exceeds analytical error and in rock or mineral analysis can amount to or exceed
100% (Ingamells et al 1972). There are three principle contributions to data error: i)
the heterogeneity of the site being sampled, ii) sampling technique, and iii) errors in the
analysis. Careful laboratory procedure and sample homogenisation should enable
systematic and random errors in the laboratory to be controlled. However, the
collection of representative samples in the field is governed by the heterogenic nature
of the site and the number and size of samples collected.
Ingamells proposed a laboratory sampling constant, expressed in terms of the relative
deviation (R, per cent) in a series of determinations using sub-samples of weight w.
This is given in equation 6.1
164
K., = R2w
	 (6.1)
where Ks describes the sampling characteristics of an unsegregated mixture with respect
to the element of interest. K the weight of the sample in grams which must be
taken, to give with 68% confidence, a relative sampling error of 1% or less. The V(Ks.)
is numerically equal to the coefficient of variation expected for a series of results. This
applies for a homogenous sample and the expected relative error in analytical results
for that constituent using sub-samples of mass w can be predicted from equation 6.2
K
R = \I-2-W
Thus from equation 6.1, if W is a larger sub-sample mass, then the new relative
deviation R can be expected to be given by equation 6.3
R= ,\I r2.-/±
W
where r is the relative deviation associated with samples of mass w.
Sampling statistics rarely behave in a Gaussian fashion and Poisson statistics usually
apply. In the sub-sampling of bulk samples in geochemical analysis, to account for the
skewed distribution, Gy (1967) developed a sampling constant which took account of
weights and dimensions of the sample fragments to describe the non gaussian behaviour
of the sub-sample estimates. In the sampling of areas with heterogenic and segregated
distributions, Visman (1969 and 1972) developed an optimum sample weight theorem.
However, since, the radionuclides form chemical associations with clays and organic
complexes in the field are ground and homogenised in the laboratory, these more
complicated statistical descriptions have little application. For simplicity 6.1 to 6.3 will
be referred to.
Ingamells (1974a) produced a sampling model determined by repetitive sampling and
measuring the content of X with sample weight. For a given set of sampling constants,
(6.2)
(6.3)
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the uncertainty of the X content can be given by equation 6.3.
Figure	 6.1	 shows	 an	 example	 of
Ingamells'	 model	 calculated	 from
equation 6.3.	 It also illustrates the most
probable results discussed by Ingamells.
As the sample weight diminishes, the
scatter	 of	 concentration	 estimates
increases.	 Ingamells (1974a) suggests
that	 where	 mineral	 grains	 for
geochemical analysis are large in number
for	 all	 constituent	 types,	 then	 the
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Figure 6.1 Ingamells' Sampling Model -
adapted from Ingamells (1974a)
However, where mixtures contain only a small number of grains of interest in a sample,
the Gaussian distribution breaks down and the Poisson statistics apply. Moreover, this
produces a highly skewed distribution and too few determinations will yield an average
which is often too low. This is illustrated in figure 6.1 as the probable result. There
is a very strong analogy to this theory with homogenised samples for radionuclide
inventory estimation. In particular, the results of Fowler et al (1974a) and Oughton
(1992) on hot particle sampling have analogous results with the probable result leading
to an underestimation of the sample mean.
6.2 SUB-SAMPLING ERRORS AND SAMPLE REPRODUCIBILITY -
EXPERIMENTAL PRECISION
6.2.1 Objective
To determine the reproducibility of activity estimates from sub-sampling of
homogenised material and thus its implications on experimental precision.
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6.2.2 Method
Following the grinding and homogenisation process discussed in section 3.2, typically
a sub-sample of about 150 g is taken from a 1 kg sample. To determine the
representability of such sub-samples, a number of samples were taken from a 1.5 kg
salt marsh sediment sample which had been ground and homogenised in the usual way.
Six 150 cm3 containers were filled and counted on a high resolution Ge(Li) detector.
Following this, six 75 cm3 and six 30 cm3 containers were filled with sub-samples and
counted in a similar fashion, though with longer counting times to reproduce the
counting statistics associated with the 150 cm 3 containers. The results from these sub-
samples are given table 6.1.
As part of the quality assurance procedure, a 4 kg Chernobyl contaminated sample was
collected from Broughton Mains (Solway) and processed in the normal way. Sub-
samples were taken from this sample periodically over the three year research period.
These results are also described and discussed.
6.2.3 Results and Discussion
From table 6.1, except for 40K and 2113i, all the sampling errors (as quantified by the
coefficient of variation %) are less than or comparable with the analytical errors (Exp.
Err. %). Although "identical" containers were used for each measurement, filling
different geometries with the same soil to determine the sub-sampling error will also
account for slight distortions in container geometry shape and variations in sample
weight and density. In addition, although each container was placed in almost exactly
the same position on the detector, the slight irregularities in detector response over its
surface area (Knoll 1979, 1989) must also be accounted for in these sub-sampling
errors. However, these errors were all found to be negligible when compared with the
analytical error.
Table 6.1 shows a high degree of reproducibility for the anthropogenic radionuclides
137Cs and 241Am, in particular for the 75 cm3 and 150 cm3 containers. The estimates for
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Table 6.1 The Sub-sampling Errors of a Homogenised Gley Sediment
Activity Bq/kg
241 Am "7Cs 40K 2113i 208T1
30 cm3
Range	 564-659 3052-3164 651-722 14.6-29.6 15.4-18.9
Mean 592 3107 669 21.1 17.3
Std. Dev. lo- 34 34 28 4.6 1.1
Std. Err. 14 14 11 1.9 0.5
CV % 5.7 1.1 4.1 21.8 6.4
Exp. Err. % 5.9 4.5 3.4 15.1 10.1
75 cm3
Range	 464-506 3145-3302 642-747 20-30.7 17.7-20.9
Mean 487 3230 682 25.2 19.8
Std. Dev. la 14 54 34 3.5 1.0
Std. Err. 5.7 22 14 1.4 0.4
CV % 2.8 1.6 5.0 13.9 5.1
Exp. Err. % 6.1 4.5 3.5 13.3 9.9
150 cm'
Range	 450-480 3143-3268 645-665 19.3-33.8 16.6-19.5
Mean	 465.6 3207 632 28.7 18.6
Std. Dev. la 10.8 43 8.0 4.7 1.0
Std. Err.	 4.4 18 3.3 1.9 0.4
CV %	 2.3 1.3 1.3 16.4 5.4
Exp. Err. % 4.9 4.0 2.6 9.7 8.1
241 Am and 137Cs for the 30 crn3 samples appear to be statistically significantly high and
low respectively. This is likely to be attributed to the cruder estimate of the sample
density correction coefficients. However, for all these samples, the coefficient of
variation is significantly less than the analytical or experimental error. Thus the
samples are effectively homogenous and any increase in sample size does not appear
to benefit the sample analysis in any way other than to reduce the counting time on the
detector.
In contrast, the only significantly different CV from the experimental error is 214Bi for
the 30 cm3
 and 150 cm3 . This can be explained by the leakage of 222Rn, the U daughter
and parent of 214Bi. It is significant that the 75 cm 3 container demonstrates a coefficient
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of variation equal to the experimental error. This is an improvement over the other
containers and suggests that the 75 cm 3 container is better for mRn sealing. In contrast
208T1 estimates show a smaller CV than indicated by the experimental error. This
suggests that the sample is essentially homogeneous with respect to 208T1.
The results from a similar series of analysis for sub-samples from a 4 kg sample of
Chernobyl contaminated soil from Broughton Mains (Solway) are shown in table 6.2
and figure 6.2. Table 6.2 shows the results for all measurement estimates for: 1) all
container sizes on the two principal detectors used over the research period, 2) for the
150 cm3 and 75 cm3
 container sizes on the two detectors used over the research period,
3) for the 150 cm3
 and 75 cm3 container sizes on the Ge(Li) detector only used over the
research period, 4) for the 150 cm 3 geometry over the research period on the Ge(Li)
detector, 5) for one particular sample (170.3 g) over the research period on the Ge(Li)
detector, and 6) for one particular sample (199.9 g) consecutively over a period of a
few days on the Ge(Li) detector.
137Cs shows a high degree of consistency over the 3 year period of measurements with
CV only slightly greater than the experimental error. This concordance is improved
when the container geometry is isolated (4) and when the sample remains the same (5
and 6). For 134Cs this improvement is observed only when the sample remains the same
(5 and 6).
The coefficient of variation for 4°K with time is observed always to be considerably
greater than the experimental error, except for those measurements made with the same
sample consecutively. However, measurements made with the same sample over a
longer time period shows a larger CV than experimental error. For individual samples
this may be explained by sample heterogeneity. However, clearly another factor of
perhaps slightly changing background may be responsible, even though the background
is periodically remeasured and shown to be relatively consistent.
As with table 6.1, table 6.2 shows 214Bi with a greater CV than experimental error.
This is illustrated in all but the repeat measurements of the same sample (5 and 6),
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Table 6.2 Statistics for Broughton Mains Bulk Sample over a 3 Year Period.
137Cs 134Cs "K 21413i 208T1
1) Statistics for all Mean 291.1 144.1 475.6 17.6 10.5
Measurements Std. Dev. la 12.0 10.0 58.6 2.7 0.94
n = 22 Std. Err. 2.6 2.1 12.8 0.6 0.20
Both HPGe and CV % 4.1 6.9 12.5 15.3 9.0
Ge(Li) Exp. Err. % 3.6 4.7 4.2 8.6 8.5
2) Statistics for 75 Mean 290.3 144.5 477.7 17.1 10.6
and 150 cm3 geoms Std. Dev. 12.5 10.3 44.0 2.3 0.8
n = 19 Std. Err 2.9 2.4 0.9 0.5 0.2
Both HPGe and CV % 4.3 7.1 9.2 13.4 7.9
Ge(Li) Exp. Err. % 3.6 4.7 4.2 8.6 8.5
3) Statistics for 75 Mean 287.3 142.8 475.0 17.3 10.3
and 150 cm3
 geoms Std. Dev. 11.2 7.4 50.9 2.4 1.0
on Ge(Li) only Std. Err 2.9 1.9 13.1 0.6 0.3
n = 15 CV % 3.9 5.1 10.7 13.8 9.4
Exp. Err. % 3.6 4.7 4.2 8.6 8.5
4) Statistics for Mean 289.3 143.8 487.3 16.6 10.5
150 cm3, Ge(Li) Std. Dev. 7.7 10.0 35.0 2.5 0.7
Includes mean of Std.Err. 2.9 3.8 13.2 0.9 0.3
repeat measures. CV % 2.6 7.0 7.2 15.1 6.6
n = 7 Exp. Err. % 3.7 4.9 6.6 11.8 9.0
5) Statistics for Mean 295.0 143.4 500.0 17.1 11.1
170.3g samples on Std. Dev. 3.0 1.9 43.4 1.98 0.69
detec. 1.1 over Std. Err. 1.3 0.9 19.4 0.89 0.31
3 years, Ge(Li) CV % 1.0 1.3 8.6 11.6 6.2
n = 5 Exp. Err. % 3.5 4.9 4.5 12.1 7.9
6) Statistics for Mean 280.2 136.3 475.0 22.3 10.3
199.9g on Detec. Std. Dev. 1.89 1.94 7.23 1.71 0.78
1.1 consecutively Std. Err. 0.77 0.79 2.95 0.70 0.32
Ge(Li) CV % 0.67 1.4 1.1 7.7 7.6
n = 6 Exp. Err. % 4.1 5.5 3.8 11.3 7.4
where the CV is equivalent to the experimental error. This indicates the problem of
sample sealing, particularly for 222Rn equilibration across samples. Temporal
fluctuations with indoor radon may contribute to the overall estimate of precision. 20811
has a CV equivalent to the experimental error with all sample container estimates
suggesting that 208T1 must be homogeneously distributed in the bulk sample.
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6.2.4 Conclusions
The results from tables 6.1 and 6.2 show a high degree of reproducibility and therefore
experimental precision. Comparison of activity estimates across container sizes
indicates lower levels of precision than is suggested by the analytical errors, although
this is only marginally so for the two caesium radionuclides.
Of greater significance is the problem of sealing the containers to allow 222Rn
equilibration with its daughter 214Bi, used to determine 238U concentrations. Verification
of equilibration within the sample can be obtained by determining 226Ra (186 keV) and
234Th (63.3 keV) concentrations although care must be taken to check for 235U
interference (185 keV). However, the use of these lower I photon emitters is hampered
by the problem of variations in Am although periodic checks with standard geometries
have indicated agreement in these values.
When comparing soil sample derived inven tories, it is important to take into
consideration the possible effects caused by changes in sample geometry, sample
heterogeneity, and the escape of 222Rn. When comparing inventory estimates from
samples measured over a considerable time period (years), it may be more appropriate
to use precision estimates indicated by table 6.2.1.
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6.3 FIELD SAMPLING ERRORS
6.3.1 Objective
Initially, the Cawse and Horrill (1986) technique of random sampling within a specified
area was adopted in this study. However, the representability of the sample is
unknown, and thus an attempt to determine the effectiveness of this technique and to
quantify the sampling error is made.
6.3.2 Method
To determine the effectiveness of the sampling technique, an area contaminated
predominantly with Chernobyl derived anthropogenic radionuclides, close to the Reactor
Centre site at East Kilbride was sampled.
A 2 x 2 m grid was constructed in which 9
individual samples were collected at 1 m
spacings (figure 6.3) with the Leonard
Farnell corer (38 mm diameter) described
in chapter 3.2. Each sample was extracted
in 15 cm intervals, bagged individually and
processed in the manner described.
I igure 6.3 2m x 2m Sampling Grid
6.3.3 Results and Discussion.
Table 6.3 shows the results obtained. The sampling error, estimated as the CV, is in
all cases considerably greater than the experimental error (associated with counting
error, errors on absolute efficiency, sample weight and core dimension). Of particular
importance is the anthropogenic radionuclide variation, with 137Cs varying by almost a
factor of 3 within a 4 m2 area giving a CV of about 30 %. In contrast, 4°K varies by
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a factor of 1.2 with a CV of less than 10 %.
Table 6.3 Radionuclide inventory analysis from SURRC 2m x 2m Sampling Grid.
Samples taken with 38mm corer (November 1989).
kBq
Range of	 St.DevSt. Err	 Experiment
Values	 Mean 1 a CV.% 1 a %	 Error (%)
137Cs 5.82-14.23 8.61 2.49 (29) 0.94 (11) 0.30 (3.5)
134Cs 0.816-2.19 1.36 0.29 (21) 0.11 (8) 0.06 (4.2)
4°K 98.9-120.1 109.1 8.81 (8) 3.33 (3) 3.50 (3.2)
6.88-10.6 8.81 1.08 (12) 0.41 (4) 0.27 (3.1)
2.66-4.61 3.89 0.54 (14) 0.21 (5) 0.14 (3.6)
The heterogeneity of the distribution of anthropogenic radionuclide distribution far out-
weighs that associated with the natural radionuclides and must be associated with
depositional processes, subsequent absorption within the soil profile and the re-
mobilisation of caesium attached to particles or in solution within the soil profile.
This sampling technique is clearly not satisfactory for sampling Chernobyl radiocaesium
distribution unless a substantially larger number of samples is collected. Assuming
Gaussian statistics, equation 6.8 can be used to predict the number of samples (n)
required for the experimental average to be within f % of the true mean with 95%
confidence:
2. SD
=	
(6.8)
v5i
where f is the fraction of the mean required and X is the overall average. The results
for the SURRC site are shown in table 6.4.
Given that nine soil cores were sampled, the results shown in table 6.4 suggest that the
Leonard Farnell corer is suitable for natural radionuclide inventory estimation to be
95% confident that the experimental average will be within 10% of the true mean.
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Table 6.4	 Number of samples required for mean result to be within 5 and 10%
of the true mean.
137CS 134CS 40K	 214Bi 208T1
Number of Cores Required
For 95% confidence (5% of mean)	 133	 71	 10	 24	 31
(10% of mean)	 33	 18	 3	 6	 8
However, for 137Cs and 134Cs, there is a considerable problem even if estimations are
required to within 10% of the true mean, and to be within 5 % of the true mean (level
of accuracy usually quoted in the literature) over 130 samples would be required for
137Cs determination.
6.4 IMPROVEMENT IN SAMPLING ERROR
6.4.1 Objective
Given the poor sample representability described in section 6.3, an attempt must be
made to improve sampling error. Instead of increasing the number of samples to reduce
sampling errors, Ingamells' (1974a) approach is to increase the sample weight. A
larger soil corer was bought as illustrated in section 3.2. The new 105 mm diameter
sampler enables 7.6 times more material to be collected than the 38 mm diameter
sampler. Thus from equation 6.3, one might expect a reduction in sampling error from
28.9% to 10.5% for 137Cs and from 21.1% to 7.6% for 134Cs for Chernobyl
contaminated soils.
This hypothesis was tested on two new sampling sites with contrasting environmental
depositional characteristics: i) Chernobyl contamination dominated land near the Solway
at Longbridgemuir Farm, Dumfries, and ii) Sellafield contaminated salt marsh at
Caerlaverock, Dumfries.
6.4.2 Method
Seven equidistant samples were collected with the 38 mm corer and the 105 mm corer
on a 2 m spacing hexagonal sampling plan to a depth of 45cm (peat) and 30 cm
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(sediment).
Two sites of contrasting depositional mechanisms were selected. The first site of
Chernobyl derived deposition from the atmosphere was at Longbridgemuir farm
(Solway), an area of basin and valley peat. The natural radionuclide concentrations
were below the limit of detection of the Ge(Li) detector in the laboratory and were thus
excluded from the analysis. The second site consisted of Irish Sea sediments
contaminated with Sellafield derived radionuclides. These well mixed sediments were
sampled at the Caerlaverock National Nature Reserve (Dumfries).
6.4.3 Results and Discussion
As with the SURRC site, a factor of 3 was observed in the range of results for the
caesium inventories, as shown in table 6.5 with the 38 mm corer. The 105 mm corer
reduces the CV (sampling error) by about 10% to between 25% and 28% but does not
follow the prediction from Ingamells' equation 6.3, predicting a sampling error of
12.6%. This is likely to be due to the highly heterogenic nature of Chernobyl fallout
and subsequent interaction and assimilation within a naturally heterogenic media giving
the distribution a spatial component.
The same procedure was carried out in an area of contrasting depositional environment
at Caerlaverock salt marsh, an area dominated by Sellafield contaminated sediments.
Both the 137Cs and ' 34Cs might have a Chernobyl component. The different origins of
these radionuclides suggests that the distribution within the sediment profile will be
characteristic of their dominant origin.
The Caerlaverock results are given in table 6.6. Here, where the activity within the
sediment is well mixed, a considerably smaller sampling error was observed, although
the sampling error for the natural radionuclides is considerably greater than that
observed at the SURRC site. The standard error of the mean for the salt-marsh site is
comparable to the experimental error for the anthropogenic radionuclides, although the
CV (sampling error) is considerably greater than the analytical error for the 38 nun
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Table 6.5. Longbridgemuir Basin and Valley Peat Inventory Results from a 2m
Hexagonal Sampling Plan. 45cm deep soil cores Inventories (1992)
kBq 1112
Range of	 St. Dev.	 St. Err.	 Experiment
Nuclide	 Values	 Mean 1 a CV% of mean (%) Error la (%)
38 mm Corer
7.37-19.0 12.4 4.33 (35) 1.64 (13) 0.37 (3.0)
134Cs 0.34-0.99 0.59 0.23 (38) 0.085 (15) 0.04 (6.5)
105 mm Corer
6.53-14.4 9.92 2.73 (28) 1.03 (10) 0.03 (3.0)
0.40-0.93 0.67 0.17 (25) 0.06 (10) 0.04 (6.5)
Table 6.6. Caerlaverock Salt Marsh Inventory Results (1992), 2m Hexagonal
Sampling Plan. Inventories for 30 cm deep soil cores.
Nuclide
38 mm Corer
kBq m-2
Range of	 St. Dev.	 St. Err.	 Experimental
Values	 Mean 1 o	 CV% of mean (%) Error la (%)
137Cs 77.1-94.9 81.2 8.42	 (10) 3.18 (4) 2.8 (3.5)
134Cs 0.59-1.04 0.79 0.13	 (17) 0.05 (6) 0.06 (8.2)
24'Am 11.8-14.97 13.4 0.95	 (7) 0.36 (3) 1.03 (7.7)
40K 109-145 125 18.3	 (15) 6.9 (6) 3.75 (3.0)
214Bi 2.16-4.9 3.7 0.94	 (26) 0.36 (10) 0.22 (6.0)
2°8T1 1.6-2.2 1.8 0.28	 (15) 0.11 (6) 0.10 (5.2)
105 mm Corer
137Cs 79.1-90.2 84.3 4.9	 (6) 1.8 (2.2) 2.95 (3.5)
'Cs 0.72-0.97 0.83 0.08 (9) 0.03 (3.4) 0.06 (6.8)
241Arn 12.7-16.24 14.9 1.24(8) 0.5 (3.2) 0.67 (4.5)
40K 100-162 133 17.6 (13) 6.7 (5) 4.00 (3.0)
214Bi 2.7-5.5 4.2 0.77 (18) 0.3 (7) 0.15 (3.5)
208T1 1.4-2.0 1.7 0.25 (15) 0.1 (5.5) 0.06 (3.5)
corer results. This error is considerably reduced for caesium with the 105 mm sized
corer reducing the sampling error from 10.4% to 5.8% for ' 37Cs, and from 16.6% to
9.1% for I34Cs. This magnitude of change is less than that predicted by equation 6.3
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which may be due to the heterogenic nature of the distribution in the sediment.
This section has demonstrated the magnitude of sampling error in different depositional
contexts, and has shown that sampling error can be reduced by sampling larger cores
and homogenisation of the sediment.
6.5 MATCHING SAMPLES TO FIELDS OF VIEW OF IN-SITU AND
AIRBORNE GAMMA SPECTROMETERS
6.5.1 Objective
The problem of sampling error and spatial variability is compounded when having to
relate spatially soil samples with in-situ and airborne 7 ray detectors. For example, a
detector 1 m above the ground 'samples' about 105 times more material than a typical
2 or 3 kg soil sample, whilst a detector at 100 m above the ground 'samples' about 10'
times more material.
Knowing the spatial representation of a single in-situ gamma spectrometric
measurement, calibration of this spectral data from soil core data requires that the soil
samples collected must relate spatially to these measurements. In-situ gamma
spectroscopy spatially averages the activity of an area within the field of view of the
detector and measures the activity from a volume of soil several orders of magnitude
greater than can be practically measured by soil sampling. Thus, the samples collected
must be: a) spatially representative of the activity within the field of view of the
detector, requiring a centre weighted sampling plan to match the circles of investigation,
and b) quantify the variability of activity within the field of view. Thus irrespective of
the homogeneity of the site, the sampling plan will be able to provide a spatially
weighted activity estimate of the site with fewer samples.
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N6.5.2 Principles and Method - A Simple Centre Weighted Sampling Plan
For the Ayrshire Aerial Survey (Sanderson
et al 1990c), four areas were set up for the
calibration of aerial survey measurements.
For these areas, the circle of investigation
for 137Cs and for a detector at 100 m
altitude was estimated (figure 3.12) and a
sampling plan was determined as shown in
figure 6.4. 17 locations were sampled per
site. At each sample locality 10 soil cores
were randomly collected within a 3 m or 4 [.,	 >I
m radius, with the 38 mm soil corer to a Figure 6.4 Ayrshire Ground Sampling
Plan.
depth of 30 cm at 15 cm intervals. In
addition, some random samples were taken to 45 cm depth, where possible, to estimate
the depth of 'Cs and 134 Cs penetration. In addition, at the centre of each sampling
point a single spectrum was collected with the 3" x 3" NaT(T1) detector and Canberra
Series 10Plus MCA.
Given the finite sample number, the spatial distribution of these samples was determined
to spatially match the field of view of a detector at 100 m height. This was achieved
by placing a fraction of the total number of samples at a radial distance from the centre
of the area that was equivalent to the same fraction of -y photon flux originating from
that area for a detector at 100 m altitude as described by the circle of investigation
(figure 3.16).
The results from the weighting and spatial matching are given in table 6.7. Thus the
mean of the sample inventories collected on each site would represent the spatially
averaged mean activity measured by the detector at 100 m altitude with an appropriate
sampling error associated with the heterogeneity of activity distribution of the site.
The four localities chosen were in topographically flat terrain, situated on contrasting
320 m
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No. of
	
Cumulative Per Cent
	
Radial
	
Per Cent
Samples	 Number	 of Total	 Distance m of total
fluence
1 1 5.9 0 0
8 9 52.9 70 50
4 13 76.5 115 70
4 17 100 160 90
Table 6.8 Calibration Area Site Selection
Site
Eaglesham
Moor
Lochwinnoch
Leana Hill
Lakin Farm
*Ch
Grid Ref
NS 570 462
NS 307 626
NX 124 787
NR 898 307
and n'C's.
Soil
Peat/Myre
Variable
peat/mineral
Upland peat
Lowland
peat/mineral
Nats: Naturals
Geology/
Topography
Basaltic lavas
rolling hills
Basalt/Andasite
Upland site
Slates/shales
Upland Valley
Felsite-acidic
Lowland
(oK, 2I4Bi and 208T1)
Radionucl.
Concent.*
Chem-High
Nats-Low
Chern-Mod.
Nats-Low
Chem-Low
Nats-Mod
Chem-Low
Nats-High
Table 6.7. Calculation of Radial Sampling Pattern for Prismatic Detector at 100m
Altitude for 'Cs
geological rock formations and soil type. These areas were chosen by studying
geological, soil and topographical maps, as briefly described in table 6.8, and selected
to attempt to represent the typical range of the conditions flown over during the aerial
survey. Final location choices were also dictated by access and availability.
6.5.3 Results and Discussion
The results from the calibration areas are illustrated in tables 6.9 to 6.13. From the
random 30-45 cm measurements, the estimated fraction of the total inventory was
calculated and the 0-45 cm integrated depth was estimated. There is a high degree of
compatibility between the mean soil core activity estimates and the mean activity
estimates derived through in-situ gamma spectroscopy measurements (in-situ calibration
described in Appendix A).
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Core 0-45 cm Results (Estimated)
Mean	 7.12	 0.802
	 1.77
Standard Des'.	 1.41	 0.143
	 0.822
Standard Error	 0.38	 0.038
	 0.22
C.V. %	 19.8	 17.8	 46.4
0.144 0.064
0.081 0.021
0.022 0.006
57.1 32.8
Activity Bq wetke
NaI(TI) Results
Mean	 BDL	 BDL BDL
Standard Dev.
Standard Error
C.V. %
Core Results
Mean	 21.77
Standard Dev.	 12.77
Standard Error	 3.10
C.V. %	 58.7
BDL: Below Detection Limits
2.48 0.93
1.31 0.19
0.32 0.05
52.8 20.4
Table 6.9 Myres Hill Calibration Area Data, Eaglesham Moor. Comparison
between Soil Core Inventories and 3" x 3" NaI In-Situ Measurements
Activity kBq ni2
137c S	 134c S	 40K	 214Bi 208T1
NaI(T1) Results
Mean	 6.93	 0.86	 BDL	 BDL BDL
Standard Dev.	 1.02	 0.42
Standard Error	 0.24	 0.10
C.V. %	 14.7	 48.8
The coefficient of variation associated with the soil samples is in all cases (tables 6.9
to 6.12) greater than those associated with in-situ gamma spectrometric readings,
particularly for 137Cs. This demonstrates that soil sampling errors are a significant
contribution to the overall site variability, whilst in-situ gamma spectrometry spatially
averages the activity within its field of view, thereby eradicating the contribution to the
variability from soil sampling errors. This is illustrated graphically by plotting the
distribution of 137Cs and 134Cs in a two dimensional plane as shown in figures 6.5 and
6.6. Figures 6.5 and 6.6 both show that the in-situ NaI(T1) detector measured activity
levels in the centre of the calibration area significantly higher than those determined
through soil sampling estimates. Conversely, an area of high activity to the north of
the area is determined by soil sample analysis, but not detected by the in-situ detector.
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Table 6.10	 Lochwinnoch Calibration Pad Data.
Inventories and 3" x 3" NaI In-Situ Measurements.
Comparison between Soil Core
137cS 134cs
Activity kBq ni2
40K	 214Bi 208T1
NaI(T1) Results
Mean 4.73 0.41 13.1* 0.89* 0.04
Standard Dev. 0.68 0.08 9.05 1.25 0.18
Standard Error 0.16 0.02 2.19 0.30 0.04
C.V. % 14.4 19.5 69.1 >100 >100
Core 0-45 cm Results (Estimated)
Mean 4.58 0.4 4.2 0.171 0.104
Standard Dev. 1.08 0.09 5.05 0.098 0.079
Standard Error 0.262 0.022 1.23 0.024 0.02
C.V. % 23.6 22.5 >100 52.9 76.0
Activity Bq wetke
NaI(T1) Results
Mean 58.82* 3.3* 1.39
Standard Dev. 52.02 1.99 1.09
Standard Error 12.62 0.48 0.27
C.V. % 88.4 60.1 78.4
Core Results
Mean 57.37 3.05 1.17
Standard Dev. 21.30 3.20 0.37
Standard Error 5.17 0.78 0.09
C.V. % 37.1 >100 31.6
* At or Below Detection Limits
This detailed spatial mis-match in activity estimates is likely to be related predominantly
to sampling error, as described earlier in this chapter.
There is also a high degree of compatibility between in-situ measurements and soil
sample derived measurements of the natural radionuclides when quantified in terms of
Bq we1lcg-1 (tables 6.11 to 6.12) and when activity levels are above the estimated
minimum detection limits. The exception is observed at Lakin Farm (table 6.12),
where the NaI(T1) detector appears to overestimate the 214Bi activity by a factor of 3.
This may be the result of several environmental factors acting at once: i) the organic
rich and porous soils at Lakin Farm allowed 222Rn emanation from the underlying felsite
rock; ii) the passage of a cold weather front allowed further 222Rn emanation on the
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Table 6.11	 Leana Hill Calibration Pad Data.
Inventories and 3" x 3" NaI In-Situ Measurements.
Comparison between Soil Core
137CS l34cs
Activity kBq ni2
40K	 214Bi 208T1
NaI(T1) Results
Mean 3.25 0.24* 12.4* 0.83 * 0.11
Standard Dev. 0.39 0.06 7.01 0.78 0.20
Standard Error 0.10 0.02 1.81 0.20 0.05
C.V. % 12.0 25.0 56.5 94.0 >100
Core 0-45 cm Results (Estimated)
Mean	 2.81 0.203 4.12 0.171 0.126
Standard Dev. 0.72 0.061 3.30 0.128 0.116
Standard Error 0.18 0.015 0.83 0.030 0.028
C.V. % 25.6 30.0 80.1 74.9 92.0
Activity Bq kg-1
NaI(T1) Results
Mean 55.62* 2.90* 1.32
Standard Dev. 16.51 2.01 0.43
Standard Error 4.26 0.52 0.11
C.V. % 29.7 69.3 32.6
Core Results
Mean 51.72 2.96 1.61
Standard Dev. 29.90 1.14 0.55
Standard Error 7.72 0.29 0.14
C.V. % 57.8 38.5 34.2
* At or Below Detection Limits
second day's sampling, particularly as the mean count rate increased by a factor of 2
on the second day; iii) 214Bi photon penetration through the soil profile from the
underlying rock; and iv) 214Bi concentrated at the base of the vertical soil profile. In
addition, the lack of 222Rn equilibration within the soil sample container due to failure
in the sealing procedure may lead to underestimation of 2113i activity.
Figures 6.7 and 6.8 show very similar distribution for 4°K between the soil core
inventories and in-situ gamma spectrometric measurements in terms of both Bq m- 2 and
Bq we1kg-1 . In both figures 6.7 and 6.8 there is a slight mis-match of data. Where the
soil sample provides a higher reading than the detector, this suggests that the soil
sample contained more than a representative sample of the underlying felsite rock.
Conversely, where the soil sample underestimates the detector response, this suggests
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Table 6.12 Lakin Farm Calibration Pad Data, Isle of Arran. Comparison between
Soil Core Inventories and 3" x 3" NaI In-Situ Measurements.
137c 1"Cs
Activity kBq/m2
40K	 214Bi 208T1
NaI(T1) Results
Mean 3.20 0.34* 64.1 5.61 0.72
Standard Dev. 0.28 0.07 35.3 3.84 0.44
Standard Error 0.07 0.02 9.44 1.03 0.12
C.V. % 8.75 20.6 55.1 68.5 61.1
Core 0-30 cm Results
Mean 3.593 0.197 35.41 0.776 0.369
Standard Dev. 0.93 0.055 27.89 0.710 0.330
Standard Error 0.24 0.015 7.45 0.187 0.088
C.V. % 25.9 27.9 78.8 91.5 89.4
Activity Bq wetke
NaI(T1) Results
Mean 177.4 15.2 2.63
Standard Dev. 83.14 9.85 0.95
Standard Error 3.10 2.63 0.25
C.V. % 46.9 64.8 36.1
Core Results
Mean 212.6 5.72 2.08
Standard Dev. 133.4 2.80 0.28
Standard Error 35.64 0.75 0.07
C.V. % 62.7 49.0 13.5
* At or Below Detection limits
that the single photons arrived at the detector from the underlying geology in
disproportionate amounts to that represented by the sample.
The variability across each site exceeds a factor of three for the anthropogenic
radionuclide with a CV of about 30 % which was a characteristic of all sites surveyed
containing Chernobyl deposition on both a sampling scale and large scale across these
calibration sites. This is likely to be largely associated with sampling errors, as the site
variability associated with in-situ gamma spectrometry is smaller. For the natural
radionuclides the variability is considerably larger. This may be related to the highly
heterogenic nature of the soils themselves across the site as well as to the variable
nature of the uptake of the natural radionuclides into the soil. This may be illustrated
by the CV of 48% in the soil bulk density on the Lakin Farm site (Arran).
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Activity
2	 1. Soil Sample
kBq
Mean=4.6 ± 1.1
ABOVE	 6 60
I I 6.30 -6.60
V A 6.00 -6.30
MA 5.70 -6.00
5.40 -5.70
Ell 5.10 -5.40
11111 4.80 -5.10
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11111 3.90 -4.20
11111 3.60 -3.90
11111 BELOW 3.60 Mean=4.7 ± 0.7
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1. Soil Sample
Mean=0.4 ± 0.1
Mean=0.41 ± 0.08
Figure 6.5 Comparison between 137Cs activity determinations from soil samples and
in-situ gamma spectroscopy at the Raithburn Calibration site, Lochwinnoch.
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NMI 0.38 -0.40
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Figure 6.6 Comparison between 134Cs activity determinations from soil samples and
in-situ gamma spectroscopy at the Raithbum Calibration site, Lochwinnoch.
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Figure 6.7 Spatial 2 dimensional comparison of 4°K activity (kBq rri2) estimation
at Lakin Farm, Arran.
Figure 6.8 Spatial 2 dimensional comparison of 4°K activity (Bq kg-1 ) estimation
at Lakin Farm, Arran.
186
These sites were useful for calibrating detectors at a fixed height and for observing
sample variability within that field of view. Although site variability has been
quantified simply by the overall CV, knowledge of the spatial distribution of activity
would be useful to enable detector calibration at various platform altitudes. As was
quantitatively shown for the Lochwinnoch and Lakin Farm sites, the spatial distribution
of activity may be concentrated in such a way as to influence the determination of the
height correction coefficients. For example, at the Lakin Farm site 4°K estimates were
higher towards the edges of the site. Thus as the detector height increased over the
site, the photon fluence detected was greater than expected. Taking account of such
spatial distribution would ensure that the height correction coefficients are spatially
corrected.
6.6 ACCOUNTING FOR WITHIN SITE VARIABILITY AND VARIABLE
DETECTOR HEIGHT FOR IN-SITU AND AERIAL SURVEY CALIBRATION
6.6.1 Objective
Although the calibration facilities described in section 6.5 proved useful, the sampling
plan was inflexible for the determination of detector calibration constants for any other
height other than 100 m. Spatially weighted activity estimates would also be useful for
a range of detector altitudes to: a) account for spatial variability, and b) determine
spatially corrected height correction coefficients. A new calibration sampling plan was
therefore designed and applied.
6.6.2 Solution - The Expanding Hexagon Sampling Plan
The expanding hexagon sampling plan was developed for site characterisation to enable:
1. Field based detector calibrations to be carried out for various platform heights.
2. Potential errors on detector calibration due to soil sampling errors to be reduced.
3. Spatially corrected height correction coefficients to be calculated.
4. Spatial variability to be quantified for different radionuclide spatial
187
Radial Distance /m
Shell
1
Set A
1
Set B
2
2 4 8
3 16 32
4 64 128
5 256 512
61 Samples : Set A + B
31 Samples : set A or B
65
25
35
characteristics.
Figure 6.9 shows the expanding hexagonal sampling plan. The design can be altered
to expand on any scale required either x2, x3 or x4. Figure 6.9 gives two examples
of x4 expanding sample spacing. Thus, as the hexagonal radial distance increases, the
sample spacing increases by the same amount, providing seven samples for each set of
sample spacings.
EXPANDING HEXAGO\AL SAMPLING GRID
45
	
SURRC 1992
Figure 6.9 Illustrates the Expanding Hexagonal Sampling Plan and Typical Sampling
sets
Table 6.13 shows a x2 format, sample spacing and the percent proportion of the total
samples with given sampling radius. By changing the weighting for each sampling
radius, the sampling plan can be altered to match the appropriate field of view for a
given detector height.
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Table 6.13 The Natural Spatial Sample Weighting of a x2 Expanding Hexagon
Radius
metres
No. of
Samples
Cumulative	 Per Cent of
Total	 Samples
0 1 1 1.8
1 6 7 12.7
2 6 13 23.6
4 6 19 34.5
8 6 25 45.5
16 6 31 56.4
32 6 37 67.3
64 6 43 78.2
128 6 49 89.1
256 6 55 100
6.6.3 Method
The expanding hexagon was used to describe the spatial variability of the anthropogenic
radionuclides across two contrasting sites: i) a Sellafield contaminated site; and ii) an
atmospherically derived Chernobyl contamination domilated site. For this purpose a
salt marsh area at Caerlaverock on the Solway coastline and an organic rich site at basin
valley peat site at Longbridgemuir, near Dumfries was chosen.
The Caerlaverock site was chosen for the calibration of in-situ detectors at variable
platform heights for the Chapelcross Aerial survey (Sanderson et al 1992) and the
Longbridgemuir site for the Scottish Office Aerial Survey (Sanderson et al 1993a and
1994). To reduce the sampling and sample processing time a x4 expanding hexagon
was chosen as illustrated in table 6.14.
Figure 6.10 illustrates the relationship between the natural weighting of the hexagonal
sampling plan (thin solid line) with the circles of investigation for 137Cs with a mass
relaxation depth of 14.5 g cm- 2 at various platform heights. Clearly the "natural"
weighting of the sampling plan does not correspond exactly to any of the circles of
investigation calculated. However, by applying the additional weighting to each
hexagonal shell, then the shells can be made to pass through the appropriate circle of
investigation. This is shown in figure 6.10.
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Sample Strategy Weighting (%)
Spacing /m	 All	 1 m 50 m 100 m
0	 3.2	 10	 0	 0
2	 22.8	 80	 2	 1
a	 41.9	 97	 15	 5
32	 81.3	 100	 76	 46
128	 80.8	 100	 95	 90
258	 100.0	 100	 100	 100
100
90
80
70
60
50
40
30
20
10
0	 25 50 75 100 125 150 175 200 225 250 275 300
Table 6.14 The Natural Spatial Sampling Weighting for the Caerlaverock
Radius
metres
No. of
Samples
Cumulative	 Natural %
Total	 Weighting
0 1 1 3.2
2 6 7 22.6
8 6 13 41.9
32 6 19 61.3
128 6 25 80.6
256 6 31 100
Radial Distance /m
Circles of Investigation
for 662 keV
— at lm height
- — at 50m height
---- at 100m height
Expanding Hexagon
Sampling Strategies
All Sampling Points
("Natural" Weighting)
lm height
50m height
100 m height
Circles of investlagtion 113,7ed on
surface distributions of Cs
Figure 6.10 The Relationship between the Circles of Investigation for 137Cs and the
Hexagonal Sampling Strategies.
As demonstrated in figures 6.7 and 6.8, the distribution of 4°K activity appears to
increase towards the edges of the circular calibration site. This spatial change in the
activity concentrations may interfere with the determination of the height correction
coefficients. The calculation of the height correction coefficients is discussed in section
3.7.5. Incorporation of the expanding hexagon into the determination of the height
correction enables influences of spatial change on activity estimation to be corrected for.
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6.6.4 Spatially Weighted Results
Table 6.15 gives the appropriate weighting for mean activity determination for a
detector at 1 m, 50 m and 100 m height platforms using the weighting illustrated in
figure 6.10. The calibration site was centred on an area of higher anthropogenic
activity. Thus as the detector altitude increases, the field of view increases, viewing
the areas of lower activity at the edge of the site. Without spatially matching the
sampling strategy with the detector field of view, this variation in the calibration may
not have been observed. The errors were calculated by weighting the errors for each
shell with the same weighting used for the mean weighted activity calculation. As the
importance of the outer shells of the hexagon increases for the weighted activity
calculation, so the error on the mean also increases. This is due to the larger sample
spacing and increasing variability across the site with 137Cs distribution.
The expanding hexagon applied to the peaty Longbridemuir calibration site is shown in
table 6.16. Here the spatially weighted activity does not appreciably change with
detector height. The ability to estimate the activity with given levels of precision for
a range of detector heights is useful and ensures that the spatial variability within the
field of view is accounted for and quantified. Note, however, that the overall error
does not change markedly with detector altitude above the ground with an estimated
error of about 10 % precision on the mean activity for a range of detector altitudes.
This indicates that spatial variability is similar on the micro and macro scales.
6.6.5 Results. Spatial Variability.
A brief look at sample variability within each shell of both the Caerlaverock (table
6.15) and Longbridgemuir (table 6.16) sites demonstrates the problem of spatial
variability. By plotting the range and standard deviation of inventory estimation with
sample spacing as shown in figure 6.11, a spatial radial structure can be clearly
observed. For example, 137Cs and 214Am distribution shows little variability at the
centre of the calibration site with sample spacings within 32 m. Above this spacing,
the spatial structural characteristics of the site associated with 137Cs and 241Ani
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Table 6.15 The Spatially Weighted Mean Activities for " 7Cs at Caerlaverock
Sampling site.
Radius	 Percent	 Cumulative	 Activity
metres	 Weighting	 Percentage	 Bq/m2
Detector Height 1 m
St. Dev.
1 a
St. Err.
of Mean
0 10	 10 86020 1727 1727
2 70	 80 84039 5189 2118
8 17	 97 83376 7515 3068
32 3	 100 83360 7140 2915
Weighted Mean 84104 5502 2301
Detector Height 50 m
2 2	 2 84039 5189 2118
8 7	 9 83376 7515 3068
32 48	 55 83360 7140 2915
128 35	 90 78754 33594 13715
256 10	 100 39375 19907 8127
Weighted Mean 79031 21531 8790
Detector Height 100 m
2 1	 1 84039 5189 2118
8 3	 2 83376 7515 3068
32 32	 35 83260 7140 2915
128 45	 80 78754 33594 13715
256 20	 100 39375 19907 8127
Weighted Mean 73299 25272 10040
distribution from sediment deposition, become increasingly important and thus increase
the activity inventory range and error. This distribution is likely to be controlled by
a combination of historical changes in discharges from Sellafield and tidally controlled
sedimentation which itself is structurally orientated with the coast. In the salt marsh
environmental context, the presence of 134Cs can be attributed to both the presence of
Chernobyl deposition and Sellafield contaminated sediments. The different structural
trends in the coefficient of variation across the site with sample spacing of i34Cs with
respect to both 137Cs and 241Arn suggest that 134Cs may be dominated by Chernobyl
deposition. Thus it would appear that the Chernobyl derived deposition provides a
moderate coefficient of variation uniformly across the site. In contrast, 241Am shows
a considerable increase in CV across the site with increasing sample spacing. 137Cs also
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Table 6.16 The Spatially Weighted Mean Activities for ' 37Cs at Longbridgemuir
Sampling site.
Radius	 Percent	 Cumulative	 Activity
metres	 Weighting	 Percentage	 Bq/m2
Detector Height 1 m
St. Dev.
1 a
St. Err.
of Mean
0 10	 10 9178 184 184
2 70	 80 9972 3325 1357
8 17	 97 7821 1875 765
32 3	 100 9622 2427 990
Weighted Mean 9516 2737 1117
Detector Height 50 m
2 2	 2 9972 3325 1357
8 7	 9 7821 1875 765
32 48	 55 9622 2427 990
128 45	 100 9681 2128 869
Weighted Mean 9722 2108 860
Detector Height 100 m
2 1	 1 9972 3325 1357
8 3	 2 7821 1875 765
32 32	 35 9622 2427 990
128 65	 100 9681 2128 869
Weighted Mean 9706 2249 918
shows this effect, although not with quite such an exaggerated appearance. This is
shown in figure 6.12 which shows the change in the coefficient of variation with sample
spacing across the Caerlaverock salt marsh site.
The primordial radionuclides show a different pattern. The sampling error does not
change systematically with an increase in sample spacing. This is demonstrated in
figure 6.11, for 40K, 214Bi and 208T1. This indicates a uniform nature of the distribution
of these radionuclides within the range demonstrated.
Figure 6.13 suggests a more random component in the activity distribution across the
site with coefficients of variation for 4°K, 214Bi and 208T1 being as great at 2 m sample
spacing as at 256 m sample spacing. Great care was taken to seal the containers for
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Figure 6.11. Variation of Sampling Error with Radionuclide within each Hexagonal
Shell Sampled at Caerlaverock
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Figure 6.12 Coefficient of Variation (CV) of Anthropogenic Radionuclides across
the Caerlaverock Salt Marsh with Sample Spacing.
11111111111111111111111125
0	 40	 80	 120 160 200 240
Sample Spacing /m
Figure 6.13 Coefficient of Variation (CV) of Primordial Radionuclides across the
Caerlaverock Salt Marsh with Sample Spacing
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laboratory based analysis of 214Bi, allowing equilibration with 222Rn. Thus the greater
coefficient of variation associated with 214Bi is likely to be one associated with the
chemical and physical mobility of U distribution factors on the site. Generally for the
primordial radionuclides, sampling errors (or CV) appear to be uniform across the site
irrespective of sample spacing, especially for 214Bi and 208T1, and do not appear to
exceed 20 % at 1 a.
Radionuclide
15
10 137Ce
5
134
CS
0_ I I I I.
0	 20	 40	 60	 80	 100 120
Sample Spacing /m
Figure 6.14 Coefficients of variation with sample spacing at the Longbridgemuir
Calibration site.
The distribution of atmospherically derived anthropogenic radionuclides is shown in
figure 6.14 for the Longbridemuir site. 137Cs has both weapons testing (about 30 %)
and Chernobyl (about 70 %) components whilst 134Cs is derived purely from Chernobyl.
Both distributions show a high coefficient of variation, between 20 and 35 %, and tend
to be uniformly independent of sample spacing. These values are clearly similar to
those observed in section 6.3, 6.4 and 6.5. This is a demonstration of the consequences
of precipitation scavenging of radioactive plumes on the distribution of anthropogenic
radioactive fallout. The difference between the I37Cs and 134CS at Longbridgemuir
probably indicates a combination of different depositional events, ie. weapon's testing
and Chernobyl fallout.
196
3Myres Hill, Eoglesharn-
137
CS
O First Flight
O Second Flight
Myres Hill, Eoglesham
134
CS
O First Flight
O Second Flight
0
e 
3
6.6.6 Determination of Height Correction Coefficients
The change in detector response with altitude is demonstrated in figures 6.15 and 6.16
for 137Cs and 134Cs at the Myres Hill calibration site. The figures also illustrate that the
results are highly reproducible, with two sets of measurements demonstrated from the
beginning and end of the Ayrshire aerial survey (Sanderson et al 1990c). As discussed
in section 3.7.5, the relationships can be approximated by an exponential form. The
height correction coefficients (a) are given in tables 6.17 and 6.18 for each site and
radionuclide of interest.
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i
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Figure 6.15 ' 37Cs detector response 	 Figure 6.16 134Cs Detector response
with Altitude at Myres Hill	 with altitude at Myres Hill.
The magnitude of the height correction coefficient (a) is dependent upon photon energy,
detector height and the change in the field of view (change in the solid angle 0; figure
3.10). However, spatial variability in source distribution can have an additional
influence on (a). For example, the spatial distribution indicated by qualitative mapping
of Lochwinnoch calibration area (figure 6.5) suggested an enhanced 137Cs activity region
at the centre of the site. This would suggest that the spatially weighted mean activity
observed by the detector with increasing altitude would decrease. However, the design
of the circular sampling plan does not allow sufficient flexibility to quantify and correct
for this effect. Such changes in the spatial distribution in 137Cs activity are likely to
lead to the most significant error contributions on the determination of (a) for 137Cs.
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With such fixed facilities, the best estimate of (a) can be achieved only by averaging
(a) for a number of such calibration sites.
The expanding hexagonal sampling plan provides a means for correcting for changes
in the spatial distribution of activity. This can be illustrated by the examples of the
Caerlaverock, Warton, Wigtown and Longbridemuir calibration sites. Figures 6.17 and
6.18 show the uncorrected and corrected determinations of (a) with coefficients given
in table 6.17. Reproducibility of this data was determined to be better than 5 % from
a second flight one year later (Sanderson et al 1993a).
Figure 6.17 Variation of detector
response for '"Cs at Caerlaverock
Figure 6.18 The spatially corrected
variation of detector response with
height for ' 37Cs at Caerlaverock.
The correction is achieved by calculating the detector response function (N/Ax) for the
detector at each altitude. The appropriate weighted activity Ax for each detector altitude
and the stripped count rate N is calculated. In this way the detector response is
spatially determined at each altitude. Thus determination of (a) for N/Ax with altitude
is automatically spatially corrected. The largest proportion of the error is attributed to
the weighted mean activities used to calculate N/Ax. Taking account of spatial
variability in this way also allows for helicopter drift over the calibration site.
Errors brought about by change in the stripping coefficients with detector altitude have
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Table 6.17 Height Correction Coefficients (4 and a) for Radiocaesium ("Cs and
'Cs). I° is the count rate at 0 m altitude.
"7CS	 l34cs
Height Correction Coef.
Sampling Site
	 4	 a
Fixed Circular Calibration Sites
Terrestrial Sites
Height Correction Coef.
4	 a
Myres Hill	 193.25	 -0.0104 37.08 -0.01509
Leana Hill	 57.47	 -0.00863
Lakin Farm	 61.874	 -0.00918
Raithburn	 132.69	 -0.01004 17.59 -0.01119
Mean (working value)	 -0.00956 -0.01314
standard deviation (1°)	 + 0.0007 ±0.00280
Expanding Hexagon Calibration Sites
Terrestrial Sites
Longbridgemuir	 196.47	 -0.01117 24.66 -0.01375
Salt Marsh Sites
Caerlaverock	 785.1	 -0.01360 31.6 -0.00710
Warton Bank
	 1953	 -0.01507 165.1 -0.01966
Wigtown Bay	 1193	 -0.00957 85.6 -0.00984
Spatially corrected coefficients
Caerlaverock	 9.217	 -0.01222
Warton Bank	 6.845	 -0.01340
not been accounted for. The change in stripping with altitude is discussed in chapter
7 and Appendix J. 4°K stripping within the 'Cs window is shown to be the most
vulnerable to changes in detector altitude as demonstrated in Appendix J. This error
contribution, given that nominal stripping ratio's at 100 m altitude are used, is likely
to be at a maximum at ground level. The activity levels on the salt marsh sites are high
providing high count rates. Thus at Caerlaverock the error contribution at ground level
is about 3.5 % and at Warton Bank the error contribution is about 1.4 %. These
maximum errors are smaller than those simply attributed to sampling error.
Having corrected for the spatial change in activity across the site, the change in the
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Table 6.18 Height Correction Coefficients (4 and a) for 40K, 214Bi and 208T1. J,
the count rate at 0 m altitude.
inrz:	
Height Correction IAEA Grasty
Sampling Coefficients (1991) (1976)
Site lo a a a
40K
Lakin Farm 46.75 -0.00412
Caerlaverock 101.2 -0.00872
Wigtown 111.6 -0.00847
-0.0082
-0.00797
2,14Bi
Lakin Farm 5.246 -0.00576
Caerlaverock 11.648 -0.00683
Wigtown 11.2 -0.0109
-0.0084 -0.00678
208n
Lakin Farm 6.650 -0.00204
Caerlaverock 17.335 -0.01009
Wigtown 24.91 -0.0077
-0.0066 -0.00673
height correction coefficients are not significantly high, suggesting that the salt marsh
sites are not too variable. However, the magnitude of (a) may now be related to the
source burial. Note from table 6.17, that the height correction coefficient (a) for 137Cs
are markedly higher for the salt marsh sites than the terrestrial calibration sites.
The considerable variability in (a) between sites for 134Cs is not only a function of
source burial and lateral distribution, but is also due to the activity concentrations which
are close to and/or below the lower limits of detection. Consequently, the data are also
exposed to the effect of the possible changes in stripping coefficients with altitude.
The problem of source distribution in measuring the height correction coefficient is not
restricted to anthropogenic radionuclides alone, but also to the natural radionuclides.
Figures 6.7 and 6.8 suggest that the 4°K distribution appears to increase towards the
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Figure 6.19 Change in detector response with altitude at Lakin Farm and Caerlaverock.
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edges of the calibration site at the Lakin Farm (Arran). This would suggest that, as the
detector height increases, the contribution from the outer parts of the calibration area
will distort the height correction coefficient determined. This is indicated in table 6.18
by a markedly lower estimation in (a) for the Lakin Farm site than the relatively
homogeneously distributed salt marsh sites. Application of the expanding hexagon to
such a site would enable a spatial correction to be determined. Ideally, uniform areas
of activity distribution should be chosen to determine (a). The salt marsh sites
approximate such areas as verified by analysis of the data provided by the expanding
hexagon (figures 6.11, 6.13). Thus comparison of the height correction coefficients
(table 6.18) provided by the different sites illustrates the problems in determining (a)
if spatial variability cannot be accounted for.
Table 6.18 also shows a favourable comparison of (a) determined from these calibration
sites with values of (a) given by IAEA (1991) and Grasty et al (1976).
Figure 6.19 shows the change in detector response with altitude for the natural
radionuclides at Lakin Farm (Isle of Arran) and Caerlaverock Salt Marsh. As the count
rate decreases, the amount of scatter about the height correction line due to random
statistical component increases. This requires more observations to be made across the
range of altitudes to estimate the height correction coefficient (a) to an appropriate level
of precision. This is particularly well observed with ` 1°K and 208T1. However, the
scatter increases considerably for 2113i, and the determination of (a) is problematic.
This increased scatter is brought about by the contribution of 214Bi from airborne 222Rn,
which is particularly well observed at Caerlaverock.
6.7 DISCUSSION
This chapter demonstrates the need to take into account sampling errors and spatial
variability in determining overall precision levels of environmental radionuclide activity
estimation. Given the existence of spatial variability in the environment, it is of
paramount importance to account for this variability when sampling and making spatial
comparisons between different environmental monitoring techniques.
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An investigation into the improvement of sub-sampling error was undertaken. Although
some improvement is seen in sub-sampling errors with increasing geometry size,
generally sub-sampling errors tend to be negligible when counting statistics and errors
on efficiency calibration are accounted for. However, the results indicate the need for
careful hermetical sealing of sample containers for mRn equilibration. Comparisons
with data collected between different detectors and sample containers and over longer
time scales must take into consideration slight differences in detector performances.
These sample processing errors described tend to be negligible when compared with
sampling errors and the consequences of spatial variability. In addition to the macro
scale, spatial variability occurs on the micro (1 or 2 m) scale and this influences soil
sampling errors. Micro spatial variability for primordial radionuclides varies depending
upon the soil type and its ability to assimilate elements of the underlying geology either
through a liquid phase or mechanical phase.
Micro spatial variability of anthropogenic radionuclides is dependent upon the
deposition pathway. Typically, fallout from the troposphere, such as from Chernobyl,
is characterised by large soil sampling errors, whilst in water borne well mixed
sediments such as that associated with Sellafield, sampling errors are significantly
smaller.
Improvement in sampling errors for both the natural and anthropogenic radionuclides
was observed with the implementation of a larger 105 mm soil corer. Whilst an
improvement in sampling error was observed, it was not as substantial as predicted by
geochemical soil sampling theory (Ingamells et al 1972, and Ingamells 1974 a and b).
This is likely to be due to a non-normal distribution of activity caused by some spatial
component.
On a larger scale, ie. between sampling localities, primordial radionuclide variability
is additionally dependent upon climate, underlying geological variation, sedimentary
depositional characteristics, slope and aspect. Spatial variability has been observed to
be considerable in peaty sites whilst very much less within salt marsh areas. Spatial
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variability of anthropogenic radionuclide deposition is dependent upon the depositional
pathway. As demonstrated at Longbridgemuir, the coefficient of variation does not
change significantly with sample spacing, and thus spatial variability for atmospheric
deposition of radionuclides is similar on both the micro and macro scale of sampling
and tends to be spatially independent with a typical coefficient of variation of between
20 and 30 %. This uniformly high coefficient of variation is likely to be a result of
precipitation scavenging mechanisms and absorption into soil with its own heterogenic
characteristics, which tends to lead to variability occurring on a scale smaller than the
sampling area of an individual soil core. In contrast, areas of anthropogenic
contamination from the deposition of water borne well mixed sediments of the Irish Sea,
ie. salt marsh sites, demonstrated relatively homogeneous micro scale ( < 2 m scale)
sampling. However, as sample spacing increased, variability also increased on the
Caerlaverock salt marsh. Above about 40 m sample spacing, variability of both 137Cs
and 241Am exceeded the levels associated with Chernobyl outfall (i.e. CV of 30 %). It
is interesting to note, that at Caerlaverock, the CV for ' 34Cs remained similar to that
associated with Chernobyl fallout. On a micro scale however, observations on Warton
Bank (Sanderson et al 1993 b) indicated that small scale variability and sampling error
can be increased with proximity to other structural controls in the merse environment,
such as proximity to drainage channels.
Given the inherent spatial variability, sampling error and the considerable spatial
averaging of in-situ and aerial survey gamma spectroscopy measurements, soil sampling
plans have to be spatially weighted to account for the variability within the field of view
of an in-situ or airborne detector. Simple spatially weighted sampling strategies tend
to be inflexible. However, the expanding hexagon allows a large number of samples
to be collected in a realistic time scale and provides the flexibility for spatially matching
soil sample inventories with various detector platform heights as well as accounting for
the within site variability with realistic sampling error estimates. The expanding
hexagon has the additional advantage of accounting for spatial change in the
determination of height correction coefficient (a). These observations have also
indicated the problem associated with airborne 222Rn components in making a
determination of (a) and sensitivity estimates for 2'4j difficult (Appendices A and B).
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Having accounted for the within site variability and spatial matching of soil sample
inventories with in-situ and aerial gamma ray spectroscopy measurements, an important
second factor has to be taken into consideration which may affect the detector response
between different sites. This factor is the influence of source burial, quantified in terms
of the source mass depth distribution which takes into consideration the activity and
density distribution of the soil with depth. This has a significant influence on photon
fluence from the surface and is observed in detector response characteristics. The
influence of source burial is investigated in chapter 7.
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7. RADIONUCLIDE DEPTH DISTRIBUTION PROFILES AND IN-SITU
GAMMA SPECTROSCOPY.
7.1 INTRODUCTION
The calibration of laboratory based detectors relies upon a fixed standard container
geometry for which, as was demonstrated in chapter 5, the correction for self
absorption can be readily accounted. In contrast, in-situ and airborne gamma ray
spectrometry has a variable source geometry. In particular source burial complicates
the source to detector relationship. Having accounted for lateral spatial variability in
the field and collected representative samples for in-situ and airborne detector
calibration, the primary photon signal strength and secondary photon scattering
characteristics attributed to source burial can be investigated and quantified. Source
burial represents an important environmental factor which affects activity estimation and
comparisons between in-situ and soil core estimates. Representative samples of source
burial are required for effective comparison with in-situ techniques. For example,
shallow sampling in salt marsh environments to 15 cm depth (e.g. McKay et al 1991)
may severely underestimate the total gamma photon contribution from 137Cs in salt
marsh sediment profiles.
Section 2.5 discusses the distribution of anthropogenic and primordial radionuclides in
the environment. The vertical distributions of the radionuclides within the soil profile
is dependent upon the depositional or emplacement mechanisms, and the chemical and
physical behaviour and mobility of the radionuclide. Of particular interest in this
chapter is the vertical distribution of caesium in the soil, although the distribution of the
natural radionuclides are also investigated. The influences these have on the detection
and quantification of activity from in-situ detectors is explored through experimental
modelling.
Much work has been undertaken in measuring and understanding the mechanisms which
control the distribution of caesium within soils and sediments. Deposition of caesium
from the atmosphere, i.e. from weapons testing or Chernobyl fallout, leads to a fresh
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deposition of caesium on the surface of the soil. However, diffusion, advective and
leaching mechanisms re-mobilize the caesium with a general movement down the soil
profile. Many laboratory based experiments with lysimeters, batch column experiments
or similar (e.g. Ohnuki and Tanaka 1989, Veen and Meijer 1989, Fahad et al 1989,
Miyahara et al 1990, Burns et al 1991, Coughtrey 1988) have demonstrated that the
activity distribution from atmospheric deposition decreases rapidly with depth and
consequently has often been described by a negative exponential. Models developed to
explain this behaviour tend to include migration of caesium in ionic form, non-ionic
form and in particulate form by quasi-diffusion and the addition of a velocity transfer
factor. Caesium can be quickly absorbed and fixed in clay matrices, or adsorbed onto
organic and mineral complexes, and/or attached to silt and clay particles which move
through the soil column. Alternatively caesium may stay in solution often with the aid
of humic acids, undergo leaching, ion exchange and diffusion with upward, downward
and lateral direction in stagnant water within the soil. A complicated interaction of a
number of processes has been observed to control the distribution of caesium. Thus the
caesium profile observed is dependent upon the soil's physical and chemical
characteristics, the amount of water infiltration, movement and time.
The ability of the soil to retain radionuclides is often expressed in terms of the K d value
which is defined in equation 7.1:
Kd _ amount of radionuclides sorbed per gram of soil
	
(7.1)
amount of radionuclide per millilitre of solution
Kd values are often determined in the laboratory. However, their application to the
"real world" is seldom completely accurate in predicting the behaviovr of radionuclides
in the field due to other processes such as the advective upward, downward and lateral
movement of water in the soil column. However, the observed changes in K d with
depth can serve as an indication of the influencing controls on the caesium depth
distribution profile (Bachauber et al 1982).
There are conditions under which true exponential profile can occur. For example, an
exponential profile may result from the diffusion of activity from the surface layers of
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a soil profile, or the continuous deposition of freshly contaminated sediments in
accretionary areas in conjunction with ageing. However, these processes rarely occur
uniquely. Observations in the field (Bachauber et al 1982, Silant'ev and Shkuratova
1988, El Fawaris and Knaus 1984) and prolonged laboratory and lysimeter experiments
(Veen and Meijer 1989, Bachauber et al 1982) have demonstrated that the assumption
of an exponential profile is not valid, particularly for aged deposits. A subsurface
maximum often develops as a result of a humus rich surface layer which cannot fix
caesium permanently and which with the addition of meteoric water allows a slow
leaching and transfer of caesium downwards (Veen and Meijer 1989, Bachauber et al
1982). In addition soil acidity and the chelating capacity of dissolved humics can
maintain trace metals in solution (Torgessen and Longmore 1984) and caesium is only
permanently fixed within soil horizons with clay, particular ly the montmorillonite
(micaceous) group (Francis and BrinIcley 1976, Bachauber et al 1982, Fahad et al
1989). Thus a subsurface maximum can occur due to the subsurface absorption of
caesium as well as the general downward leaching processes. A subsurface maximum
may also occur under a surface maximum due to aged caesium from weapons testing
fallout having moved down the soil profile followed by a subsequent fresh deposition
of caesium on the soil surface. Thus the depth distribution profiles observed may often
be a superposition of two separate events. This has been observed in relatively uniform
organic rich soil. Similar processes have been observed in lake bed sediments although
here sediment inundation is an additional controlling factor (Irlweck 1991, Bonnett and
Cambray 1989, Torgessen and Longmore 1984). Additional factors such as erosion and
redistribution, growth and decay of plant matter and bioturbation may lead to more
complicated soil profiles.
In addition the depth distribution profile can be altered by the erosion and depositional
processes associated with slopes and drainage and catchment areas (Ritchie and
McHenry 1990). Also subsurface movement of water down-slope may account for
mass transfer of caesium (Burns et al 1991) particularly in an organic rich environment
such as upland areas of Scotland, as demonstrated in the Raithburn Valley (chapter 4).
Thus, subsurface maxima may be removed or enhanced by sideways or down-slope
movement of surface or subsurface caesium either in particulate or dissolved form.
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Following deposition, the subsequent movement of caesium within the soil profile will
be highly dependent upon local factors of soil type and composition, slope aspect and
the amount of meteoric water input and its subsequent movement within the soil profile.
Thus with time, the depth distribution profile is likely to differ considerably between
and within sites due to the inherent variability in soil type, and climatic and topographic
controls.
In the marine and intertidal environment of the Irish Sea, Sellafield discharges have
provided a locally significant source of anthropogenic radionuclides (Chapter 2). The
radionuclide contaminants are well mixed in sediments at the bottom of the Irish sea of
which some have been moved through strong currents to coastal locations around the
Irish Sea Basin (McKenzie et al 1987, McDonald et al 1990, 1992a) and collected in
areas of sediment accumulation, usually in salt marsh accretionary environments, but
also within man made harbours. Detailed studies here and by Allen (1994) of salt
marsh environments have shown that sediments deposited with activities associated with
peak Sellafield discharges in the early to mid 1970's (BNF 1990,1991) have
subsequently been buried by lower activity sediments. Thus the distribution of activity
with depth may have a historical relationship with discharge levels and sedimentation
rates. In the salt marsh localities, the depth of the profile is related to frequency of
tidal cover and sediment deposition. Thus a subsurface maximum has been created with
depth of burial directly related to the proximity to the near shore environment.
Deposition of caesium from solution directly within the salt marsh sediments may be
a factor influencing depth distribution. Post depositional movement may also be
important.
Thus the assumption of an exponential decrease of activity with depth is a generalisation
which is more often than not inaccurate, particularly for long lived radionuclides such
as 137Cs. The application of in-situ gamma spectroscopy to the measurement of l'Cs
has often involved the assumption of an exponential decrease of activity with depth
(ICRU 1993, Zombori et al 1992, Winkelmann et al 1987, Miller et al 1990, Rybacek
et al 1991, Dickson et al 1976, Beck et al 1972). Although ICRU 1993 acknowledges
the difficulties of this assumption, estimates of exposure rates dependent upon the
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assumption of the exponential profile were made. With these estimates, real deviations
from the assumed profile have been small. Zombori et al (1992) attempts to account
for the subsurface maximum within photon fluence equations by the adoption of a
positive and negative exponential. However, such subsurface maximum shapes can
rarely be described by exponential relationships, and mathematical description of these
shapes requires further examination.
The distribution of primordial radionuclides in soil is discussed in chapter 2. The
distribution is also dictated by the chemical and physical properties of the soil as well
as the activity concentrations of the underlying geological material. In addition,
complications occur as a result of disequilibrium in the uranium and thorium decay
series particularly by emission of radon and thoron. In summary, Hanson and Stout
(1968) observed that Th concentrations tend to be higher in the lower B and C horizons
of the soil, whilst U being more mobile is often found in higher concentrations in the
top soil. However, in areas of organic rich terrain, very little assimilation of the
underlying primordial radionuclides is observed in these often very highly acidic
environments which result in the breakdown of clays. In contrast, the distribution of
U, Th and K is observed to be uniform with depth in salt marsh environments. In
environmental gamma ray spectroscopy, the distribution is often assumed to be uniform
with depth and hence concrete calibration pads are used for detector calibration.
This chapter explains the problems of soil core smearing and the need for special coring
tools to minimise smearing, and enable cores to be sampled rapidly. Having
demonstrated the success of the new tool, soil profiles measured from areas of
contrasting environmental characteristics are discussed. The problems of quantifying
source burial are explored with different soil profiles with particular emphasis on source
attenuation, and thus mass depth is explained and demonstrated. Source burial is
quantified in terms of mean mass depth (B, g cm').
Having quantified source burial by B, particularly for 137Cs, the spectral characteristics
of in-situ NaI(T1) detectors are examined experimentally. Following Zombori et al's
(1992) observations, with HPGe detectors, of increases in forward scattering with
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primary photon attenuation due to increased point source burial under a tank of water,
an experiment with extended layered sources is demonstrated with a NaI(T1) detector
to model the relationship between source burial and the photopeak to valley ratio.
Having modelled this relationship in a controlled environment, the application to
environmental gamma ray spectrometry is explored. The need for full spectral stripping
required experimental verification of the change in stripping coefficients with source
burial (simulating low activity organic and water overburden). A similar experiment
was undertaken with aerial survey detectors to model the change in stripping
coefficients with air path length. Having verified these parameters, a salt marsh
environment was examined where the change in source burial was measured from soil
samples. Full spectral stripping was undertaken for the in-situ spectra collected at these
sites, and a relationship determined between B and the increase in forward scattering
relative to photopeak attenuation observed in the spectrum. This relationship was then
applied to predict B at other points on the site and used to determine a spectral derived
calibration correction factor. This results were compared with soil sample estimates.
7.2 SOIL SAMPLING AND THE DEPTH DISTRIBUTION PROFILE
7.2.1 Objectives
In order to interpret the in-situ gamma-ray spectra collected, an understanding of the
radionuclide distribution within the soil column is required. The objective is to
determine the depth distribution profile of radionuclides in differing environments and
to demonstrate the limitations of using small diameter and sample length corers.
7.2.2 Method
Chapter 2.2 discussed the sampling technique and chapter 5.5.3 the sampling depth
required for effective comparison with in-situ and airborne gamma spectrometry. A
solution to the sampling depth problem is simply achieved by sampling to 30 cm depth
in high density soils and 45 cm in low density organic rich soils. This is adequate for
137Cs activity estimation, as usually most of the activity is found within the top 15 cm
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to 30 cm of the soil horizon in terrestrial environments. The exception to this is in salt
marsh environments where source burial can be significant, although the contribution
to the primary gamma photon fluence at the surface from below 30 cm of the soil is
small. For primordial radionuclides, the depth distribution is assumed to be uniform
with depth, and thus a 30 cm length sample collected and quantified in terms of Bq
should provide a representative sample. The problem arises when the activity is buried
in low density soils, such as those observed at the Raithburn Valley. Samples of bed
rock are not collectable with the available coring tools.
Direct comparisons are made between soil samples collected with the two different
coring tools to demonstrate the limitations of the 38 mm diameter corer, particularly
when determining the depth distribution profile. In order to make direct comparisons
between sites of differing soil compositions, radionuclides and unequal depth intervals,
inventory concentrations are expressed as activity per unit mass (Bq g-').
7.2.3 Results
Figure 7.1 Depth distributions of 137Cs,
 134Cs, 4°K, 214Bi and 2081'1 for grassland site,
SURRC (23/2/90). Samples collected with a 38 mm Leonard Farnell corer.
Figure 7.1 shows the depth distribution profile of 137CS, 134CS, 40K, 214Bi and 208T1 in
loamy soil of a grassland area close to SURRC sampled with the 38 mm diameter corer.
The depth distribution profile of 137Cs and 134Cs clearly demonstrates a rapid decrease
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in activity with depth. The increase in activity of 134Cs between 20 and 25 cm depth
indicates contamination originating from the upper portions of the soil as a result of a
certain amount of smearing in the soil profile. However, generally 137Cs levels appear
to have penetrated to greater depths which indicates the presence of aged 137Cs
originating from weapons testing fallout of the 1960's and 1970's. For the natural
radionuclides the distribution with depth is relatively uniform, with the scatter accounted
for by the analytical error.
Figure 7.2 Depth distribution profiles of 137Cs in peat determined from a) 38 mm
corer - 15 cm intervals, b) 105 mm corer - 15 cm intervals, c) 105 mm corer - 5cm
intervals, d) 105 mm corer - 2 and 5 cm intervals.
Observations from eight separate cores collected within the 2 m x 2 m grid shown in
figure 6.3 taken in 15 cm intervals, suggest that except for the surface of the soil
column (0 horizon < 2 cm) these random fluctuations in the activity with depth are
consistent with a uniform activity distribution.
Figures 7.2 and 7.3 display depth distribution profiles obtained from the basin valley
peat area at Longbridgemuir. The site as discussed in section 6.2.2 demonstrated
considerable localised variability. Figures 7.2 a and b, and 7.3 a and b, show the
average of four depth distribution profiles determined at 15 cm interval samples from
the 38 mm and 105 mm diameter corers respectively. This demonstrates quite a
considerable amount of smearing down the soil profile by the 38 mm corer leading to
overestimates of the total inventory originating from below 15 cm. This may lead to
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Figure 7.3 Depth distribution profiles of ' 34Cs in peat determined from a) 38 mm
corer - 15 cm intervals, b) 105 mm corer - 15 cm intervals, c) 105 mm corer - 5cm
intervals, d) 105 mm corer - 2 and 5 cm intervals.
overestimation of caesium depth penetration and total inventories. In contrast, figures
7.3.b and 7.3.c show that over 90 % of the caesium is found within the top 15 cm of
the peat profile.
Choice of the vertical sampling interval is also important in determining this profile
accurately. The 15 cm interval suggests a gradual decrease in activity with depth.
However, the 5 cm depth interval show that the activity declines quickly within the first
15 cm. A core sample collected 2 months later in dry conditions (figures 7.2 d. and
7.3 d.) and divided into 2 cm intervals showed the presence of a subsurface maximum
to between 5 and 10 cm depth from which it declines rapidly to about 15 cm depth.
Such detailed depth distributions in peaty environments can be explained by sequence
of processes. The initial deposition of atmospherically derived caesium is followed by
diffusion and adsorption. New growth and decay of plant material assimilates the
underlying activity into new fresh horizons overlying the original deposition, leading
to the production of a subsurface maximum. Comparison of figures 7.2.d and 7.3.d
suggests a more complicated history for 137Cs than 134Cs, with multiple depositional
events with time. Thus the exponential like decrease with depth suggested in figures
7.2 c and 7.3 c does not result. The magnitude in variation in activity concentrations
between the two graphs is an additional consequence of spatial variability due to
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Figure 7.4 The depth distribution profiles of 137Cs, 241Ani, 134cs, 40K,
 214Bi,	 1 1 at
the centre of the Caerlaverock hexagonal sampling site. Position 01. (2/92)
Buried source profiles of anthropogenic radionuclides are observed in salt marsh
environments around the Irish Sea coastline. Figure 7.4 shows the source depth profile
of 137Cs, 241Am and 134Cs. Clearly the source profile of 134Cs displays an activity
concentration similar to that observed from Chernobyl fallout, although there may be
a Sellafield component within this which is likely to have decayed away given 10 half
lives since the peak Sellafield discharges (BNF 1991). 137Cs and 241Am demonstrate
subsurface maxima due to burial of higher contaminated sediments by lower activity
sediments in One coastal environment. The maxima represents a remnant of sediments
contaminated from peak discharge rates from the Windscale plant in the 1970's
subsequently been deposited in salt marshes.
These subsurface maxima in the intertidal zone are observed to vary across the site with
proximity to the coast. Figure 7.5 shows the sub-surface maxima for 137Cs and 241Am
determined from finer depth intervals, indicating that most of the activity is buried
beneath 15 cm depth. The detail of the depth distribution of 241Am is more pronounced
than 137Cs, which may be due to the greater chemical mobility of 137Cs.
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Figure 7.5 The depth distribution profiles at Caerlaverock (position 44) for 137Cs,
241Am,
 40K, 214Bi and
14	 12	 01
	 53	 34	 44
Figure 7.6 Demonstrates a range of ' 37Cs soil core profiles across the Caerlaverock
Calibration area. The sample positions are indicated in figure 4.15.
To demonstrate the variation in subsurface maxima across salt marsh environments
figure 7.6 shows 137Cs depth distribution profiles selected across the Caerlaverock site
to demonstrate the range in profiles. The sample positions for the cores identified in
figure 7.6 are shown in figure 6.15. These results suggest that subsurface maxima exist
across the site and become deeper in the soil profile towards the higher energy intertidal
area. Also activity concentrations within any single horizon decrease as a whole as the
profile becomes deeper, while the total activity concentration is very similar for all
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similar for all these locations suggesting that the activity is spread over a greater depth
range in the higher energy, greater sediment accretionary rate, intertidal deposits. This
is demonstrated in figure 7.7 with samples collected at 128 m spacings across Warton
Bank on the Ribble Estuary (Sanderson et al 1993b). It also suggests a complex but
systematic change in source burial geometry across salt marsh environment.
North
	 South
Figure 7.7 The depth distribution profiles of 131Cs across Warton Bank (Ribble
Estuary). 128 m spacing between sampling points.
Figures 7.4 and 7.5 show a fairly uniform 4°K distribution with depth. 214Bi and 208T1
are more variable although much of this variation is accounted for by analytical error.
Thus, as with the SURRC site, a uniform depth distribution was assumed.
7.2.4 Discussion
The sampling technique and tool used are fundamental to the measurement of depth
distribution profiles. By comparison with the 105 mm soil corer, the 38 mm corer is
proved to be of little use in determining depth distribution profiles and leads to an over
estimation of source depth due to smearing and cross contamination between sample
depths. This, may lead to overestimation of soil core inventories through resampling
at greater depths. Contamination of the corer from the upper levels of the soil profile
becomes an inevitability.
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The depth intervals chosen for coring with the 105 mm corer are also important for
determining depth distribution profiles. Clearly 15 cm intervals are of very little use
when the bulk of the atmospherically derived anthropogenic radioactivity is concentrated
within the top 15 cm of the soil column. Smaller depth increments of 5 cm show an
"exponential like" decrease of activity with depth, whilst 2 cm intervals show the depth
profile to be more complicated than would otherwise be suggested.
In salt marsh environments, the depth distribution profile is complicated by its change
with proximity to the near shore environment. This leads to a complex source
geometry and suggests that the activity associated with peak Sellafield discharges is
being continually buried at a rate which is also dependent upon proximity to the coast
and the energy of the depositional environment. The shape of the subsurface maxima
broadens nearer the coastal edge of the salt marsh. Depth divisions of 5 cm appear to
optimise the description of the depth distribution profile, whilst 2 cm depth divisions
provide finer detail which is useful for sedimentological investigations.
The primordial radionuclides do show some variability with depth. For the sites
illustrated here, the random nature of the variability with depth which is almost within
experimental error, suggests that spatially the activity can be assumed to be uniform
with depth. On terrestrial locations, only the first two or so centimetres may be
assumed to have lower concentrations of primordial activity due to a higher organic
content from decaying matter.
Soils on sites with high organic content such as Lakin Farm on the Isle of Arran
(Section 6.5) have demonstrated that very little of the underlying activity has been
assimilated into the organic rich soil. Activity detected in the soil has been
concentrated in the 15-30 cm component of the soil column (sampled with the 38 mm
Leonard and Fame11 corer). Hence uniform depth distribution cannot be assumed for
these sites.
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7.3 CALCULATION OF MASS PER UNIT AREA (MASS DEPTH) AND THE
MEAN MASS DEPTH (B)
7.3.1 Objective and Theory
This section describes the depth distribution profiles particularly for ' 37Cs, to enable
comparisons to be made and understood with primary photon fluence rates and in-situ
spectroscopy between sites with different depth distribution characteristics.
The primary photon fluence rate in soils is a function of the soil density in addition to
source depth z. For relating exposure, dose and in-situ gamma spectroscopy with
source burial, it is more appropriate to determine depth distribution functions in terms
of mass per unit area given by pz, rather than linear depth (ICRU 1993, Rybacek et al
1991). Given that the soil density p varies with depth, and the depth intervals selected
also tend to vary, and the combined effect will lead to further variations in z, activities
should be expressed in terms of activity per unit mass (Bq g-1). Thus the function mass
per unit area, defined as x is given by equation 7.2:
x = f p(e) dzi
	 (7.2)
where x is the total mass depth or effective mass per unit area (g cm- 2) for the soil
sample depth provided.
If the activity distri.don can be assumed to be a negative exponential with depth, from
ICRU (1993) and Rybacek et al (1991) the activity distribution with depth A(x) (Bq g-1)
is given by equation 7.3:
(.x)
A (x) = A 0
 • e\ 13 I
In A(x) = -ln A •0	 .13
slope = -
fi
(7.3)
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(7.6)
where Ao is the activity concentration (Bq g- ') at the surface.
13 is the relaxation mass per unit area (g cm-2) or mean mass depth.
From Beck et al (1972), Miller et al (1990), Helfer and Miller (1988), density is
assumed to be constant with depth and 13 is equivalent to pla, where a is the reciprocal
of the relaxation length (cm-1) (equation 3.14). However, often considerable change in
density is observed with depth in the soil profile. As 13 will be derived with changes
in soil density taken into consideration, the activity per unit area Aa may be obtained
by an integration of the specific activity A(x) over the mass per unit area, resulting in
equation 7.4 (ICRU 1993, Rybacek et al 1991):
A a = 13 • A o	(7.4)
As discussed in section 7.2, a subsurface maximum often develops from aged caesium
deposits derived from atmospheric deposition and from buried source layers in salt
marsh environments. Thus a description of the depth characteristic is required which
should ideally be related to previous work and 13. Zombori et al (1992) proposed a
solution to this by combining a positive and negative exponential to describe such buried
features. However, the shape of the distributions observed is unlikely to fit exponential
profiles. From the discussion thus far:
=
 (
\	 x1/2
-P-) =	 -m ean mass depth
a	 1n2
By fitting a polynomial to the subsurface maximum and integrating with respect to mass
depth, the mean mass depth can be estimated from equation 7.6:
(7.5)
where x is the mass depth (g cm-2)
A(x) is the activity per unit mass (Bq g-')
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(7.7)
This can be solved by fitting a polynomial curve to the depth distribution A (x) and
calculating the mean mass depth from the area under the curve. However, given equal
mass depth intervals, this could be simplified to equation 7.7:
where A (x) can be expressed in Bq g- 1 and Ax are equal mass depth intervals in g cm-2.
7.3.2 Results and Discussion
The depth distribution profiles are given in terms of mass depth (g cm-2). Characteristic
Chernobyl contaminated areas are given by figures 7.8 and 7.9. Figure 7.8 shows the
open grass land loamy soil sampled at SURRC. There is a clear decrease in activity
with mass depth which when plotted in terms of log activity initially displays an
exponential decrease with depth. However, below 20 g cm- 2 137Cs is still measurable
in significant quantities. 134Cs is also present at 22.5 g cm-2 depth which, given its pure
Chernobyl origin suggests some smearing within the soil column through sampling with
the 38 mm soil sampler.
Given that in terms of activity per unit area, almost 90% of the activity is derived from
within the top 20 g cm-2 and the potential consequences of core smearing, the
exponential was fitted through the top 4 depth intervals giving a mean mass depth of
5.9 g cm-2 . Similarly with 134Cs, a mean mass depth of 4.0 g cm-2 was calcula, Fxl. The
higher mean mass depth associated with 137Cs suggests a contribution of older and
deeper weapons testing fallout within the soil profile.
Figure 7.9 illustrates the mass depth distributions associated with the organic rich basin
peat of Longbridgemuir farm. When plotted in terms of mass depth, the lower density
soils effectively raise 137Cs in terms of the soil profile.
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Figure 7.8 SURRC mass depth distribution profiles for ' 37Cs (5.9 g cm-2) and 134Cs
(4.0 g cm -2).
Figure 7.9 Longbridgemuir mass depth distribution profiles for " 7Cs on 17/5/92
(2.3 g cm-2) and 11/7/92 (2.6 g cm-2).
As with the SURRC site, when plotted in terms of log activity concentration, the
17/5/92 profile initially displays a rapid decrease in activity with depth (figure 7.9).
However, wCs activity is still significant at lower depths which must be attributed to
weapons testing fallout as well as Chernobyl derived caesium which has not been
adsorbed onto organic surfaces. Nevertheless, over 90% of the activity is found in the
top 10 g cm-2 . Thus the exponential profile is fitted to the top three points providing
a mean mass depth of 2.3 g cm-2 . However, figure 7.9 shows that a second exponential
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could be used to describe the deeper parts of the activity distribution.
The second detailed profile collected later in drier conditions within 8 m of the above
core on 11/7/92 and divided into 2 cm sections displays a subsurface maximum within
the first 5 g cm-2 . The activity then decreases very rapidly with depth. This is again
illustrated in terms of log activity (figure 7.9). By fitting the exponential line through
the surface points from which over 90% of the activity is concentrated, a mean mass
depth of 2.6 g cm-2 can be approximated. The sub-surface maximum occurs at about
2 g cm-2 , which suggests that about 14 % of the photon originating from this layer will
be attenuated. Above and below 2 g cm- 2 , lower activity concentrations are observed,
and although a reasonable regression is fitted, this can only approximate the observed
depth distribution profile. Such observations do illustrate that the depth distribution
profile is more complicated than suggested by the simple exponential depth distribution
profile, and although such subsurface maxima influences may be small in such organic
rich areas, similar observations in higher density soils are likely to be more important.
Within site variability of mean mass depth was also observed at the Longbridegmuir
calibration site. As with spatial variability of activity estimation, mean mass depth (B)
was also observed to vary from 2.27 g cm' to about 4.83 g cm- 2 sampled at 128 m
spacing. This provided a mean B of about 3.55 + 1.2 g cm -2 . Similar observations by
Bachhuber et al (1985) showed that the Kd values for ' 37Cs and other radionuclides
varied significantly within a 150 m x 100 m area, leading to a significant variation in
the depth distribution profile.
The effect of the subsurface maxima can be vividly observed in salt marsh
environments. Figure 7.10 illustrates the mass depth profiles for the Caerlaverock
samples as given in figure 7.6. Similarly the mass depth distribution profiles across the
Warton Bank site are shown in figure 7.11. The incorporation of density effectively
lowers the distribution in the soil profile as sediment density is generally greater than
1 g cm-3.
The depth distribution intervals were not equal and with the added consequence of
changing soil density, polynomial curves were fitted to each depth distribution. By
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Figure 7.10 Caerlaverock mass depth " 7Cs profiles: 14 (7.20 g cm
-2), 12 (10.78 g
cm-2), 01 (11.24 g cm-2), 53 (13.23 g cm-2), 34 (20.7 g cm-2) and 44 (26.50 g
implementing log fits and 4th or 5th order polynomials, curves can be fitted to almost
any depth distribution shape although there are exceptions such as Caerlaverock sample
44. However, polynomial curves often underestimate activity between points with large
depth intervals, leading to underestimation of the mean mass depth. Simple curves such
as that illustrated in figure 7.11 sample 45 require no log relationships.
Figure 7.11 Warton Bank mass depth "7Cs profiles: Sample 15 (7.69 g cm-2), 14
(12.97 g cm-2), 01 (12.66 g cm -2), 44 (13.17 g cm-2), 45 (19.74 g cm -2).
However, in almost all cases, given the complex profile shapes, the mean mass depth
was calculated graphically. Although slightly subjective, this provided a simplified
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means of describing the more complex depth distribution profiles. The results are given
in figures 7.10 and 7.11.
7.3.3 Summary
The shape of the subsurface maximum varies considerably with mode of 137Cs
deposition and within sites, particularly in salt marsh environments. Quantification of
the subsurface maximum requires careful sampling techniques. Fluence rates observed
at the surface are dependent upon source burial which has been quantified here in terms
of mean mass depth (B, g cm-2) which takes into consideration soil density which
provides a defined parameter important for making comparisons of effective source
burial between environments. The parameter B is, however, restricted in that it is
unable to parameterise a second important function of source burial, that of profile
shape. Source burial and profile shape are likely to have a significant influence on
fluence rates.
7.4 MEAN MASS DEPTH AND PRIMARY PHOTON FLUENCE RATE
7.4.1 Objective and Theory
This section demonstrates the change in the primary gamma photon fluence from the
surface of the soil profile with changes in the mean mass depth, water content and the
shape of the depth distribution profile. The consequences of changes in the mean mass
depth on detector response are demonstrated. Much of this investigation is applied to
salt marsh environments. Given the smaller sampling errors (described in chapter 6)
and significant changes in source burial, salt marsh environments were chosen to
demonstrate the influence of source burial on photon fluence.
To demonstrate the dependence of detector response on the mean mass depth, a portable
NaI(T1) gamma spectroscopy system described in section 3.5, was used at 1 m above
the ground. A spectrum was collected with times of between 600 to 1000 seconds
providing counting statistics of better than 2 %. At each site a core was collected with
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the 105 mm diameter soil corer to a depth of 30 cm. Several of these cores were
subdivided into 2 and 5 cm intervals. At Caerlaverock six cores were chosen at random
across the calibration site. At Warton Bank, the cores were collected in sequence to
provide an estimate of the change in the mean mass depth across the site. A single core
and in-situ measurement were collected at the Kirkconnel salt marsh (River Nith,
Dumfries). The remaining 25 cores at Caerlaverock were divided into 15 cm intervals
and an in-situ spectrum was collected at each position. Additional cores collected at
Longbridgemuir and SURRC are also used in this comparison.
Sampling errors measured on the salt marsh are considered to be of the order of 10 %,
although as measured at Warton Bank, this can be dependent upon proximity to
drainage channels, where sampling errors of as much as 20 % were measured
(Sanderson et al 1993b). Spatial matched inventories observed at Caerlaverock provide
sampling errors of the order of about 12 %. The errors on stripping coefficients due
to slight variations in the primordial source burial characteristics are assumed to be
negligible, given the relatively uniform depth distribution of the natural radionuclides
observed in section 7.2. The error on the mean mass depth is estimated to be better
than 5%.
The detector sensitivity r (or calibration coefficient ) is calculated as:
Detected stripped counts per second (CPS) 
activity concentration per unit area (kBq m-2)
Thus as the source is buried in the soil or sediment profile, the fluence rate will be
reduced through self alosorption. There is therefore likely to be a relationship with the
mean mass depth (13) as calculated in section 7.3. In addition, the shape of the source
profile must also have a bearing on the relationship between r and 13. Thus given a set
of site characteristics in terms of source burial, this section will illustrate the combined
use of detector and soil inventories to predict the mean mass depth across a merse site.
In addition, the change in soil water content and its influence on the mean mass depth
is briefly examined and discussed. The subsequent change in detector response with
(7.8)
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mean mass depth is also examined. Appendix F also discusses the temporal change in
detector response with changes in soil moisture content.
7.4.2 Results and Discussion
The results from the Caerlaverock National Nature Reserve mass-depth distribution
profiles and detector response are shown in figure 7.12. The error estimates on the
detector response functions are dominated by the sampling errors observed at the centre
of the site. Although these sampling errors may vary, they are assumed to remain at
about 10% for the purposes of this discussion.
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Figure 7.12 The detected activity with the log of mean mass depth (13) of 137Cs at
Caerlaverock Salt Marsh.
A relationship between the sampling points and in-situ detector response can be best
described by an exponential as shown in figure 7.12. Given an estimated error on T of
about 10 % (1 a), the relationship demonstrated in figure 7.12 provides a good
description of the behaviour of T with respect to B and can be described by equation
7.9:
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= 1.58 - 0.892 .T
where T is the detector response and B is the mean mass depth (g cm-2). This
relationship suggests that at a mean mass depth of 37.7 g cm-2, no primary photon
fluence would be detected at the sediment surface.
Given this relationship, a comparison with other salt marsh sites can be made. A soil
sample and in-situ spectrum were collected from Kirkconnel Salt Marsh on the River
Nith. The soil sample was sub-divided into 2 and 5 cm
depth intervals and the depth distribution profile is
shown in figure 7.13. The subsurface maximum is 5
broader and "squarer" than previously observed at the 	 10
FAsCaerlaverock sites, although this sample has more	 1 15
detailed sampling divisions. The calculated mean mass 	 20
depth for this core is 9.02 g cm -2 . From equation 7.9, 25
the predicted value is 7.33 g cm-2 . This suggests that	 00 30
35the broader subsurface maxima observed at Kirkconnel,
as might be expected, provides a higher detectable 	 40
fluence rate. However, when plotted with the
Caerlaverock site, as shown in figure 7.14, the overall
result is in close agreement with the equation 7.9,
especially when soil sampling errors are taken into
consideration.
Figure 7.14 also shows the relationship between the Warton Bank data set and the
Caerlaverock sites. Only two of the Warton sampling sites correspond with the
Caerlaverock sample set. This can however, be explained by the torrential rain during
the sampling period and rising tide experienced during the middle of the day, creating
areas of standing water. Thus a greater attenuation of the primary gamma fluence is
observed. The Warton sites which do correlate with the Caerlaverock data set were
sampled at the beginning and end of the sampling day.
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core sectioning and laboratory
based gamma spectrometric analysis. The other sampling sites at Caerlaverock were
subjected to this method and table 7.1 gives the results. The results show the mean
mass depth increases as one approaches the near shore environment of the Solway
coast. Transect 1 represents the data from the centre of the salt marsh heading north
inland, and the decrease in the mean mass depth indicates shallower source burial.
Similarly, transect 4 represents the observations from the centre of the salt marsh south
towards the Solway coastline, and the mean mass depth increases. Only position 45
(transect 4: hexagon 5) has a lower mean mass depth than suggested by the
geographical trend. This sample was collected within the marine sediments outside the
salt marsh itself and is likely to have different source burial characteristics. The
sampling plan as shown in figure 6.9 demonstrates how the other four transects
corroborate these observations.
The results in table 7.1 suggest that the mean mass depth does not significantly change
until the sample spacing reaches 128 m. This may therefore have a bearing on aerial
survey calibration. These data can be used to predict the mean mass depth (B) for each
aerial survey detector observation over the calibration site.
Figure 7.14 The correlation between Caerlaverock,
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Table 7.1 The Change in Mean Mass Depth (g cm') across the Caerlaverock
Calibration Site.
Transect Hexagonal Shell No : Spacing m
No.	 0:0 1:2 2:8
	 3:32 4:128 5:256
1	 11.75 10.87 9.71 9.68 7.64 4.28
2 11.45 10.99 10.83 7.96 6.29
3 10.4 13.86 12.54 22.47 20.79
4 12.47 11.72 14.09 25.43 16.49
5 12.07 11.38 12.94 19.64 25.45
6 12.23 11.02 10.43 1.58 6.31
Mean 11.75 11.58 11.45 11.75 14.12 13.27
1 a	 1.2 0.75 1.25 1.55 8.81 8.10
St.Err. 0.31 0.51 0.63 3.60 3.31
Figure 7.15 The change in mean mass depth with 0-15 cm water content at the
centre of the Longbridgemuir calibration area.
Water content in soil contributes to the soil density and thus also the mean mass depth
of activity distribution in the soil. As water content increases, bulk density increases
until the soil saturation levels are reached. However, soil water content which reaches
soil saturation is rarely achieved apart from during or immediately after torrential
rainfall has been absorbed into the surface layers of the soil. Two mass depth
observations are shown in figure 7.15 for the Longbridgemuir basin peat calibration
area. The two soil cores were taken on the dates indicated. The first core was divided
into 5 cm intervals and the water content was calculated after drying. The second
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sample was collected about 1.5 months later and within a few centimetres of the first
and divided into 15 cm intervals and the water content calculated after drying. The
inventory was calculated for the 0-15 cm component of the two cores and found to be
equivalent. However, the water content for the 0-15 cm components of the soil column
was quite different, whilst the 15-30 cm component was essentially the same (about 84
%). The water content of the second core was used to estimate the new B for the first
core under similar conditions, resulting in a reduction in B from 2.27 g cm-2 to 1.75 g
cm-2 . Given the inherent site variability, this value probably carries a 20 % error,
although it does serve to illustrate the potential change in value of the mean mass depth.
However, the change in water content from 76.2 % to 59.5 % produced a change in
detector response from 16.75 to 23.83 stripped cps. This is shown in figure 7.16.
0 0	 0.5	 1.0	 1.5	 2.0	 2.5	 30
T (Detected CPS/kBq m-2)
Figure 7.16 The relationship between soil profiles with "exponential" mass depth
distributions with those of subsurface maxima.
The detector response associated with the SURRC site is also demonstrated in figure
7.16. The detector response characteristics are clearly different from those associated
with subsurface maxima of salt marsh environments. Under such circumstances, the
depth at which most of the primary gamma photons are attenuated can be predicted after
a certain maximum mass depth B has been passed by the subsurface maxima, assuming
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a certain maximum mass depth B has been passed by the subsurface maxima, assuming
no activity in the overlying sediments. A definite maximum detector response can be
expected for a surface distribution (B = 0 g cm-2). However, if B tends to infinity
because of a uniform depth distribution, a definite minimum detector response can be
predicted. Thus the shape of the source distribution profile is important, and as
indicated by figure 7.16, the incorporation of other distributional profiles as B tends to
zero, suggests that the relationship between T and B may not be simply log linear.
Further detailed investigations are required to determine these possible relationships.
Given the wide potential variation of soil type and the added complications of migration
of radionuclides within the soil profile with the age of the deposit, the mean mass depth
is likely to be highly variable as demonstrated here and by other authors such as Miller
et al 1990 and Zombori et al 1992. Changes in water content in temperate climates
such as the UK's, suggest that B will have a temporal dependence. The extent of this
temporal change is likely to depend on soil type, pore space and water holding capacity.
Hence peaty soils are likely to have a greater temporal change than clay rich soils. The
likely variation of detector response with soil moisture content can be simply
determined by plotting a series of in-situ measurements taken in the same location with
time, rainfall and atmospheric temperature measurements. Such observations have been
made and are discussed in Appendix F.
7.5 EXPERIMENTAL MODELLING OF IN-SITU SPECTRAL OBSERVATIONS
WITH BURIED SOURCES
7.5.1 Objective
This section characterises the change in detector spectral response with simulated source
burial. This will enable primary photon attenuation and scattering characteristics of the
secondary photons through the detected spectral response characteristics to be used to
determine changes in the radiation field and in particular, the prediction of source burial
and thus the mean mass depth from spectral observations. This could ultimately lead
to calibration corrections.
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7.5.2 Principles
As demonstrated in section 7.4, relative changes in the photopeak attenuation can be
directly related to source depth characteristics such as the mean mass depth B. In
principle, because the linear attenuation coefficient (A) decreases with increasing photon
energy, a change in the ratio of two preferably energetically distant photo-peaks from
the same radionuclide would indicate a change in source burial characteristics. Much
work has already been undertaken in this field particularly with in-situ HPGe detectors
(Rybacek et al 1991). The use of in-situ HPGe detectors greatly facilitates this
application because of their high energy resolution and the lack of interference between
photopeaks. The 662 keV photopeak of 137Cs and the 32 keV X-ray of its daughter
product 137"13a have been used successfully in the determination of source burial.
Rybacek et al (1991) determined a relationship between the depth parameter a (cn11)
and the ratio between the 662 keV and 32 keV photo-peaks. However, as discussed in
chapter 5, the mass attenuation coefficients 00 for photopeak energies below 200 keV
are particularly vulnerable to changes in the chemical composition of soils. Thus at
best, the application of the technique described by Rybacek is likely to be highly site
specific. This approach may only be useful in the surface layers of the soil due to rapid
attenuation of the 32 keV X-ray.
As a consequence of source mass depth burial, or increase in the air path-length, a
reduction in the primary gamma photon flux will result in a build up of the scattered
photons within the radiation field and can thus be observed in the gamma ray spectrum.
Figure 7.17, as also discussed in chapter 3.7, is a schematic representation of a gamma
spectrum typical of a single photon energy emitting radionuclide such as 137Cs or 'K.
The spectrum is made up of three principal components, the photopeak, the Compton
continuum and the forward scattering component.
Zombori et al (1992) used the photopeak to valley height (forward scattering
component) ratio to determine a relationship with point source burial. He used a HPGe
detector for his experimental observations. The advantage of using a semiconductor
detector over scintillation detector principally lies with the better energy resolution. As
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Figure 7.17 Schematic representation of gamma ray spectrum observed from a pure
source such as "Ts or 4°K.
the valley is attributed to the scattering within the soil, air and can, then with constant
air path (eg. at 1 m above ground) an increase in source depth will result in a relative
increase in valley height with respect to photopeak height.
This section demonstrates the spectral-source behaviour characteristics through
experimental observations with a Nal(T1) detector and an extended layered "Ts source,
to determine whether spectral derived relationships can be determined to quantify source
burial.
7.5.3 Method
The installation of the concrete calibration pads used for these experiments is discussed
in Appendix G. The design and construction of the "Ts extended layered source is
described in Appendix H. The choice and description of absorber material from a
variety of plastics, wood and gypsum plaster board required for these experiments to
simulate water, peat and/or air column is given in Appendix I. Perspex was chosen as
the most appropriate absorber material as it provided very similar g n, properties to that
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of peat, water and air and Beck's soil composition (Beck et al 1972) for energies above
150 keV and is easily defined chemically.
19 Perspex sheets
1 "'Cs sheet 3" x 3" NaI(T11
detector
Constant h
Variable d
of " ICs sheet
Background
Pad
Figure 7.18 The method for measuring the change in detector response with source
burial.
Figure 7.18 illustrates the experimental set up. The 3" x 3" Nal(T1) detector was kept
at the centre and at a constant height of 20 cm above the background calibration pad.
A background spectrum was collected with 20 perspex sheets (total thickness 20 cm)
separating the detector from the pad. The top sheet was then removed and replaced by
the 137Cs sheet and another spectrum collected from the same position. The 137Cs sheet
was then moved down one sheet in the profile so that it was covered by one perspex
sheet and another spectrum was collected. This was repeated until the 137Cs sheet was
buried by 19 perspex sheets.
After each spectrum was collected, the region of interest data for the 137Cs window was
noted to determine counting statistics. The counting time was chosen to keep counting
statistics below 3%. The background spectrum was then subtracted from each spectrum
so that the pure 137Cs spectra could be analysed.
The experiment is limited in that the source does not represent an infinite plane as
experienced in the field, although the use of an extended layer source is a considerable
improvement over a point source. However, its principal aim is to determine the
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possibility of using the photopeak/valley-step ratio to characterise source burial. Also,
by summing the contributions with appropriate weighting from each depth interval, the
spectral characteristics associated with different source depth profiles can be modelled.
7.5.4 Results and Discussion of the Determination of Source Burial from Spectral
Characteristics
The background spectrum was subtracted from each spectral measurement with source
depth. The results for the spectral response below 1000 keV are given in figure 7.19.
As expected, as the source is buried within the profile there is an increase in the overall
attenuation of the photopeak and scattered portion of the spectrum. However, as shown
the scattered portion of the spectrum increases relative to the photopeak. This is shown
when plotting the spectra with a normalised photopeak and is shown in figure 7.20.
0	 100 200 300 400 500 600 700 800 900 1000
Energy keV
Figure 7.19 The true net spectral response from the 137Cs sheet with burial
Figure 7.20 shows the increase in the valley component of the spectrum relative to the
photopeak as the sheet source is buried beneath the perspex sheets. From this evidence,
a relationship between photopeak/valley-step ratio and source burial may be found.
The valley height was calculated as the difference between the mean counts collected
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LogN = 1.495 - 0.0133 • (7.10)
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Figure 7.20 The change in spectral characteristics with increasing source burial
relative to the photopeak.
per channel between channels 88 to 100 (500 to 575 keV) in the valley, and channels
126 to 130 (736 to 760 keV) in the region to the right of the photopeak. The error on
these values was calculated as the standard deviation (1 a) within each region. The
errors range from 10 to 20 % for the mean valley estimate and up to 300 % for the
estimate of the plateau to the right of the photopeak. The total error on the valley step
size was calculated as the sum of these absolute errors. This resulted in an error
estimate ranging from about 11 to 27% on the step size. The error on the photopeak
was calculated in terms of counting statistics and ranged from 0.6 to 2.5%.
The results of the photopealdValley-step ratio against source burial (number of sheets)
are illustrated in figure 7.21. There is a clear exponential relationship described by
equation 7.10:
where N is the number of sheets and P/S is the photopealdvalley-step ratio.
Thus clearly the photopealdvalley-step ratio has a direct relationship with source burial
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Figure 7.21 The change in the photopeak/valley step ratio with number of perspex
absorber sheets. n.b. for 0 sheets a cover of 1 mm paint was assumed.
characteristics in the field for constant detector height.
The same data set can be used to determine the change in the detector response with
change in source burial shape characteristics. Figure 7.22 shows two different source
distribution characteristics, both with a mean depth of 4.215 cm. A total of 406.5 kBq
is distributed with depth as shown.
The resultant accumulated detector response is shown in figure 7.23. The subsurface
maximum leads to a greater scattered portion of the spectrum compared with the photo-
peak than that observed with the exponential distribution of activity with depth. An
infinite source plane is likely to exaggerate this difference. However, this clearly
shows that the shape of the source depth characteristics is important in determining the
source depth characteristics from spectral information. Thus each spectral shape is
unique and dependent upon source activity and burial characteristics.
However, given particular environmental contexts, such as salt marsh environments,
where depth and shape of subsurface maxima are dependent upon structural controls
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Figure 7.22. Two different depth distributions, both totalling 406.5 kBq and with
mean depths of 4.215 cm.
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Figure 7.23. Both profiles have a mean depth = 4.215 cm. Total activity
distribution 406.5 kBq. Note the greater scattering relative to the photopeak
associated with the subsurface maximum.
dictated by site parameters (ie. tidal), it should be possible to determine the change in
the mean mass depth from spectral information. However, such investigations are
dependent upon a zero background. Alternatively, the background has to be subtracted
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and spectral interferences have to be stripped away from the total spectrum to leave the
137Cs net spectrum. The stripping of the primordial radionuclide and 134Cs contributions
from the spectra in the correct proportions is important and thus its dependency on
source characteristics such as overburden and air path length needs to be investigated
to verify its application to full spectral stripping.
7.6 EXPERIMENTAL MODELLING OF THE CHANGE IN STRIPPING
COEFFICIENTS WITH SOURCE BURIAL
7.6.1 Objective
To determine whether it is possible to estimate mean mass depth from NaI(T1) spectral
derived data for particular environmental contexts it is beneficial that full spectral
stripping can be accomplished. To verify the validity of such stripping aims, the
change in stripping characteristics with source burial should be investigated. The
change in A with photon energy suggests that the stripping coefficients used to
deconvolute spectral information with NaI(T1) sc i ntillation detectors are likely to change
when absorbing media such as peat and/or water cover the geological substrata or when
there is an increase in the air path-length. This section investigates the degree of
change and thus the tolerance of the stripping coefficients for in-situ detectors. A
similar experiment was also undertaken for aerial survey detectors to simulate air
pathlength and is discussed in Appendix J.
In addition, these experiments show the dependency of the stripping ratios for 'Cs and
134cs with 4arr,
-.N. and thus the influence that changes in source burial can have on the
quantification of the anthropogenic radionuclides. This demonstrates the stripping
dependency of the observations made in the Raithburn valley.
7.6.2 Method
The installation of the calibration pads and choice of absorber materials is discussed in
Appendices G and I. Figure 7.24 shows the experimental set up. The source does not
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represent an infinite field and hence direct linear comparison between the number of
sheets and source burial in the environment cannot be made.
Figure 7.24 The experimental set up used to simulate the change in stripping
coefficient with increasing peat/water overburden.
The experiment demonstrates the relative change in the stripping coefficient with
overburden on the calibration pad. The detector was placed at the centre of each
calibration pad and a spectrum collected with the 3" x 3" Nal(T1) detector. One
perspex sheet was then placed between the detector and pad and another spectrum was
collected. This was repeated for 2, 3, 4, 6, 8, 10, 12, 15, and 20 sheets. The variable
height was chosen to simulate the environment, i.e. as the source in the underlying
geology is buried by low activity peat it is effectively moved further away from the
detector.
The counting error was monitored for each region of interest and was better than 5%.
The appropriate background spectrum for each overburden thickness interval was
subtracted from the equivalent spectrum collected on each of the spiked pads. This
allowed the change in stripping coefficients to be measured.
7.6.3 Results and Discussion of the change in stripping coefficients with absorber
perspex sheets to simulate low activity organic rich geological overburden.
The change in photopeak contributions with increase in the number of absorber sheets
is shown in figure 7.25 for the U calibration pad, figure 7.26 for Th calibration pad and
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Figure 7.25 The change in relative peak intensities for 238U calibration pad with
source burial. 0, 1, 2, 3, 4, 6, 8, 10, 12, 15, 20 sheets used.
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Figure 7.26 The change in peak intensities for the 232Th calibration pad with
absorbing media. 0, 1, 2, 3, 4, 6, 8, 10, 12, 15, 20 sheets used.
figure 7.27 for the K calibration pad. As expected, the lower energy photo-peaks such
as the 2113i 609 keV (Channel 100) are attenuated more rapidly relative to the 214Bi 1764
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Figure 7.27 The change in photopeak intensities and scattering associated with the
4°K calibration pad with attenuating media. 0, 1, 2, 3, 4, 6, 8, 10, 12, 15, 20 sheets
used.
keV (Channel 290) peak and this is clearly reflected in the reduction of the 137Cs
window stripping coefficient. However, the change in the stripping coefficient is not
as rapid as would be expected (figure 7.28). This is due to the build up of secondary
photons in the spectrum as a consequence of the increase in photon scattering due to the
increase in the number of perspex absorber sheets. This is reflected in the slight
increase in the U stripping coefficients as shown in figure 7.28 for 134Cs.
The change in the thorium spectrum is shown in figure 7.29. As with uranium, the
thorium spectrum demonstrates a more rapid attenuation of the photopeaks in the lower
energy portion of the spectrum (eg. 228Ac:270 keV and 208T1:277 keV at channel 42,
228Ac : 33 8 keV at channel 62 and 208T1:583 keV in channel 105) relative to the higher
energy 208,11 photopeak at 2620 keV at channel 427. Again this is reflected in a slight
reduction in the 137Cs window and stripping coefficient whilst the other coefficients
remain almost constant (figure 7.29).
The 4°K spectrum in figure 7.27 shows similar characteristics to those demonstrated
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with the 137Cs sheet as shown in figures 7.19 and 7.20. There is a build up in the
secondary scattered photons as the primary photons in the photopeak are scattered with
an increase in the number of absorber sheets. This is demonstrated by a marked
increase in the 137Cs and 134Cs window stripping coefficients.
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Figure 7.28 The change in stripping coefficients with number of absorber sheets
As discussed, the change in stripping coefficients is shown in figures 7.28 to 7.29. The
depth distribution profiles (figures 7.4 and 7.5) for salt marsh environments suggest that
there is negligible variation of 214Bi, "I'l and 4°K in the soil profile with depth. As the
stripping coefficients do not change significantly for uranium and thorium pads with the
first 2 or 3 absorber sheets and the 4°K can be assumed to be constant with depth, the
stripping coefficients associated with the concrete calibration pads (chapter 3) need not
be altered.
Accounting for the influence of low activity overburden for detectors with wide angled
fields of view is difficult from calibration pads which do not represent infinite source
planes and thus the scattered photon contribution to the spectrum is likely to be
underestimated. Whilst these experiments are not entirely representative of the
environment, they demonstrate the potential change in stripping with source burial. No
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Figure 7.29 The change in stripping coefficients for 232Th with attenuating media.
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Figure 7.30 The change in stripping coefficients for 4°K with attenuating media
direct relationship between the number of absorber sheets and thickness of overburden
can be made. Failure to account for changes in stripping coefficients could lead to over
or under-stripping of 4°K contributions leading to residuals in the 137Cs and 'Cs
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windows, whilst the 21413i and 208T1 windows remain relatively unaffected.
However, in environments where bedrock of high primordial radionuclide concentration
is covered with a blanket of peat with typically high concentrations of water, the
stripping coefficients may need to be modified to account for the overburden's
scattering properties particularly with 4°K. This is likely to apply to the Raithbum
Valley. However, the need for this change also depends upon the relative activities of
137Cs, 'Cs and 4°K. For example, 137Cs usually provides good counting statistics and
whilst there some compensation for 40K over-stripping by 214Bi and 208T1, from table
3.6, this is likely to lead to less than 7% residual contribution in the 137Cs window.
Conversely, in the 'Cs window, because of its very low activity in the Raithbum
Valley environment, residuals from under-stripping of 4°K are likely to contribute as
much as 100 % of the 134Cs window counts. The consequences of this have been
discussed in chapter 4.
7.7 THE DETERMINATION OF MEAN MASS DEPTH (B) FROM IN-SITU
SPECTRAL INFORMATION.
7.7.1 Objective
The objective is to examine the capability of estimating the mean mass depth of 137Cs
activity burial in salt marsh environments purely from spectral information collected in-
situ with the 3" x 3" NaI(T1) detector at 1 m above the ground. The benefit over the
method based on photopeak attenuation and total soil core inventories described in
section 7.4 is that it potentially requires no further information input after calibration,
and can ultimately be used as a calibration correction factor, thus surmounting the main
disadvantage of in-situ gamma spectrometry. The procedure is tested in salt marsh
environments due to the significant systematic change in the depth distribution across
these sites. In addition the concentrations of 134Cs, which can complicate the application
for NaI(T1) detectors due to the need for stripping, are low compared to 137Cs
concentrations. Verification through soil sampling benefits from the relatively small
sampling errors experienced on these sites as demonstrated in chapter 6.
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7.7.2 Method
Spectra were collected at the Caerlaverock calibration site as previously described in
this chapter and in chapter 6. Spectra collected from the concrete calibration pad
facility and from a point 134Cs source were used to determine the stripping coefficients
as described in chapter 3 and verified in section 7.6 for the purposes of full spectral
stripping.
The regions of interest data from the Caerlaverock spectra were used to apportion the
amount of deconvolution of the pure natural series, starting with the 232Th series. The
region of interest for 238U was then re-calculated and the 238U spectrum was stripped
away in the appropriate proportions. This procedure was followed for 4°K and then for
134Cs stripping.
The spectrum associated with 134Cs was derived from a point source. This presented
problems with obtaining a stripping ratio appropriate to that observed in the
environment associated with an exponential distribution with depth. In addition,
detector gain shifts may lead to a slight movement of the °Ts photopeak into the 134Cs
window, thus adding to the 134Cs window contribution. These small influences on 134Cs
window counts may lead to slight over-stripping of 134Cs out of the spectrum. Evidence
of this was observed in the data and thus two attempts at stripping with the original
pure 134Cs ratio and a modified ' 34Cs stripping ratio were made. The modified stripping
ratio was determined by verifying from the net 137Cs spectra that the valley and plateau
values to the right of the 137Cs photopeak showed no signs of under or over-stripping.
The channel ranges used to calculate the mean valley and mean plateau value to the
right of the photopeak were modified from those determined in section 7.5.4. to reduce
the interference from 134Cs. The mean valley value was determined from channels 86
to 95 and the mean plateau value to the right of the photopeak was determined from
channels 127 to 131 (figure 7.32). However, the advantage of developing this method
in salt marsh environments is due to the very small contribution that 134Cs makes to the
spectrum in comparison to 137Cs.
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The errors on the mean valley height value and mean plateau value to the right of 137Cs
photopeak were calculated with errors ranging from 3 % to 10 %. A relationship
between the areas of known mean mass depth and spectral peak to valley ratio is
determined, from which the mean mass depth for the other Caerlaverock sampling sites
could be calculated.
From such spectral observations, a calibration correction value was determined and
integrated depth inventories estimated. The values were then compared with the known
inventories of the Caerlaverock calibration site to verify the method.
7.7.3 Results and Discussion
Figure 7.31 shows a typical spectrum collected at the centre of the calibration site at
Caerlaverock and also shows the same spectrum after stripping out the pure 232Th, 238U,
4°K and 134Cs contributions. Given that the concrete calibration pads do not represent
infinite sources, the scattered portion within the net spectra is likely to contain a
systematic error due to the difference in the scattering behaviour of the real and
artificial (concrete) environments.
This spectrum is shown in more detail in figure 7.32. The selection of the valley
region and the minimum plateau to the right of the 'Cs photopeak is also shown. The
influence of the 134Cs spectral deconvolution is also illustrated. The pure 134Cs spectrum
was stripped away and over stripping was observed creating depressions in the
spectrum. Figure 7.32 also demonstrates that the modified deconvolution of 134Cs has
led to less variation in the valley and minimum plateau area to the right of the
photopeak.
Table 7.2 gives the spectral information extracted from each spectrum with an
associated B measured from soil core data (section 7.3). Two sets of results are shown
demonstrating the relatively small amount of influence the change in the 134CS
deconvolution has on the chosen regions to determine the mean valley and mean
minimum value to the right of the '37Cs photopeak. In addition the systematic
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Figure 7.31 The whole and stripped spectrum collected at the centre of the
Caerlaverock Calibration site.
contribution to the spectrum from the under-stripping of the scattered portion of the
spectrum makes little difference to the underlying relationship between B and
photopealc/valley ratio. Figures 7.33 and 7.34 demonstrate the relationships between
the peak to valley step ratio and the mean mass depth (B). The modified 134Cs
deconvolution provides the better data fit as demonstrated in figure 7.34, although they
both provide similar relationships as shown in equation 7.11 for the pure 'Cs stripping
spectrum and equation 7.12 for the 0.41x the 'Cs spectrum.
The error bars in figures 7.33 and 7.34 are 1 a standard deviations on each value. The
error about the line of best fit is indicated by the 95 % confidence interval. Thus
typical estimates of the mean mass depth derived from either graph for the Caerlaverock
site will be determined predominantly by the errors on the spectral information.
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Figure 7.32 The unstripped and stripped " 7Cs photopeaks with the regions of
interest used to determine the valley-step values. The pure 'Cs deconvolution has
led to slight over-stripping.
Typically errors will be between 10 and 15 % (1 0-). Figures 7.33 and 7.34 show that
the Kirkconnel spectral characteristics agree, within errors, with the Caerlaverock
spectra. Assuming that the mean mass depth determined is representative of the
spectrum collected, the difference in the detector response characteristics must be
accounted for by the difference in the shape of the 'Cs activity distribution profile.
Applying the relationships shown in figures 7.33 and 7.34 and described by equations
7.11 and 7.12 enables the mean mass depth (13) of the other sampling sites at
Caerlaverock to be determined (assuming similar depth distribution profiles). The final
results, given in table 7.3, were determined from equation 7.12 (figure 7.34).
Table 7.3 provides a set of results very similar to those given in table 7.1. Clearly the
mean mass depth increases into the higher energy intertidal areas of the Solway
coastline. The exception to the rule is provided by position 45 (10.10 g cm -2) where
the spectrum was collected over intertidal mud and sediments. Although both sets of
results are dependent upon the assumption that the change in depth distribution
characteristics is similar across the whole site, table 7.1 has the added disadvantage of
being dependent upon representative soil core inventory estimations. Here, however,
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Table 7.2 Spectral components used to determine a relationship with mean mass
depth of source burial. Two examples of " 4Cs deconvolution are illustrated.
Mn Mss
Depth Net Peak	 Mean
g cm-2 Area	 Valley
using pure '34Cs stripping
Mean
Min
Valley
Step
Peak/
Step
7.2	 43.2±1.8	 0.999±0.097 0.038+0.026 0.960+0.032 44.9+5.2
10.78 34.0+1.3 0.909±0.094 0.011+0.025 0.898+0.094 37.8+4.4
11.24 35.4+1.4 0.936±0.060 0.030+0.036 0.906+0.070 39.0+3.6
13.23 35.8+2.1 0.962±0.111 0.002±0.032 0.960+0.032 37.3+4.9
20.70 20.1+1.2 0.662±0.078 0.024+0.034 0.638+0.078 31.5+4.7
26.5 10.5+0.61 0.363±0.066 -0.01+0.016 0.372+0.038 28.2+5.4
using 0.41 x 'Cs stripping
7.2 43.0+1 . 8 1.027+0.092 0.064+0.034 0.963+0.098 44.6+5.1
10.78 33.8±1.3 0.973+0.086 0.036+0.022 0.899+0.089 37.6+4.1
11.24 35.1+1.4 0.968+0.052 0.026+0.060 0.908+0.059 38.7+3.2
13.23 35.6+2.1 0.992+0.104 0.031+0.022 0.961+0.106 37.0+4.5
20.70 19.9+1.2 0.680+0.067 0.041+0.028 0.639+0.073 31.2+3.9
26.5 10.4+0.6 0.372+0.064 0.000+0.015 0.372+0.066 28.0+5.2
Figure 7.33 The Valley-step ratio vs
Mean Mass Depth (13) determined with
pure 134Cs deconvolution.
Figure 7.34 The Valley-step ratio vs
Mean Mass Depth (13) determined with
the modified 134Cs deconvolution.
the results are based initially on a few comparisons with soil profiles, whilst the rest
of the results are derived from spectral information only.
Having determined 13 from spectral information, it should be possible to derive a
spectrally derived calibration correction for changes in source burial for particular
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Table 7.3 The Change in Mean Mass Depth (g cm- 2) derived from spectral data,
across the Caerlaverock Calibration Site. 1 a errors on individual values are between
10 and 15 %.
Transect Hexagonal Shell No : Spacing m
No.	 0:0 1:2 2:8 3:32 4:128 5:256
1	 11.34 12.69 12.39 9.89 7.05 4.65
2 12.84 11.26 9.92 10.60 8.29
3 11.57 12.03 11.32 20.50 20.18
4 14.64 13.56 16.52 26.47 10.10
5 12.47 12.51 12.08 21.87 16.14
6 9.89 14.42 10.30 5.32 5.01
Mean 11.34 12.35 12.70 11.67 15.30 10.73
1 a	 0.93 1.43 1.03 2.31 8.01 5.70
St.Err. 0.58 0.42 0.94 3.27 2.33
environmental contexts.
7.7.4 '37Cs Calibration Correction for Changes in Mean Mass Depth (B)
Figure 7.35 demonstrates the change in detector response with changes in the mean
mass depth associated with salt marsh sub-surface maxima. This considerable change
in detector response will lead to obvious difficulties in detector response calibration as
discussed in section 7.4. However, as discussed in section 7.7.3, investigations of the
peak/valley-step ratio allow the estimations of the mean mass depth (B) and thus an
appropriate calibration correction coefficient may be determined. The change in the
calibration coefficient (N/Ax) with mean mass depth is illustrated in figure 7.36 (with
95% confidence intervals).
The determination of the calibration coefficient (N/A) is given by equation 7.13:
Log (N) Log(N )
- mfi0
Ax 	 (7.13)
= 0.1396 - 0.0337
Equation 7.13 in conjunction with the mean mass depth (B) values illustrated in table
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Figure 7.35 The change in detector response across the Caerlaverock salt marsh
calibration site.
7.1 and 7.3 was used to determine the	 100
mean mass depth corrected activities across
the Caerlaverock calibration site. 	 z• E
'D
• 
co
'S
oThe comparison between the uncorrected 	 <"
in-situ derived inventory estimates and soil 	 ;i5 2
core derived estimates (0-30 cm), is shown
in figure 7.37. The calibration was based
	 10-1
5
on inventory estimates at the centre of the
calibration site. As with figure 7.35, the Figure 7.36	 The change in the
cluster of points about the 1:1 line reflects calibration coefficient with B (g cm -2) for
the Caerlaverock Salt Marsh.
the number of measurements made around
the hexagon which is centrally weighted. However, it is the magnitude of the scatter
which is important, whilst the cluster of points will reflect the reproducibility of the
technique. Figure 7.37, demonstrates the traditional handicap of the use of in-situ
gamma spectrometry for inventory estimation in these salt marsh environments where
source burial change is considerable. This results in a very poor agreement between
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the two techniques.
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Figure 7.37 The comparison between in-situ detector uncorrected calibrations and
soil core derived 137Cs activity estimations (Bq m-2) across the Caerlaverock
Calibration site.
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Figure 7.38 The comparison between in-situ detector B corrected calibrations soil
core derived 13105 activity estimations (Bq m-2) across the Caerlaverock Calibration
site.
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In contrast figure 7.38 demonstrates the improvement in the comparison between in-situ
and soil core derived estimates once the spectral derived calibration correction has been
undertaken. The estimates of B in table 7.1 are based on photopeak to soil core activity
ratios and hence a good correlation between the two estimates is expected because any
error on B brought about by sampling error is systematically ignored. Of particular
importance are the estimates of B derived from spectral information (table 7.3). Error
contributions to this second set of estimates of B must include the contributions from
stripping, counting statistics in the peak/valley-step ratio determination as well as, and
in particular, sampling error on the soil core derived estimates. This considered, figure
7.38 demonstrates good agreement between the spectrally corrected NaI activity
estimates and the soil core derived estimates.
There are, however, complicating factors which will limit this application. For
example, position 45 was measured and sampled in the intertidal sands outside the salt
marsh, and is likely to have a different characteristic source profile. This has resulted
in a lower B estimate and thus an underesamation of 137Cs activity, shown by the single
outlier in figure 7.38. Similar problems associated with sampling at the very edge of
the salt marsh may be overcome by collimating the detector, thereby restricting the field
of view. Similarly, areas of standing water where prevalent within the field of view
of the detector, result in altered spectral information ie, changing the photopeak/valley-
step ratio from that otherwise expected. Changes in the shape of the depth distribution
brought about by changes in depositional and erosional conditions are also likely to lead
to changes in the photopeak/valley-step ratio. The degree of influence will depend upon
the magnitude of the change and its spatial extent within the context of the field of
view. However, it is likely, given the consistent agreement between the Caerlaverock
results, that there is some tolerance in this technique to these variables and in particular
some change in source burial shape.
This experiment provides a significant development in the application of in-situ gamma
spectroscopy to salt marsh environments, not only to predict the mean mass depth (B)
but to derive a calibration correction from spectral derived characteristics for such
environments where the change in mean mass depth may be systematic. Any minor
255
unsystematic change in the salt marsh environment has not brought about a significant
error in the final estimate. Figure 7.38 demonstrates that 137Cs inventory estimation
from spectral information can be derived with between 10 and 20 % precision,
depending on the environmental conditions. Application of this new technique to salt
marsh environments will greatly facilitate the speed with which activity estimation can
be made across such environments, with additional information of source burial across
the salt marsh.
7.8 SUMMARY AND DISCUSSION
This chapter has demonstrated the importance of accounting for the depth distribution
profile and its effects on in-situ detector response characteristics. The soil sampling
technique is very important in accurately describing the shape of the distribution profile.
The adapted 105 mm diameter x 450 nun length corer has proved ideal for this purpose
and demonstrated the inadequacies of the traditionally used commercially available
equipment such as the 38 mm diameter x 150 mm length Leonard Fame11 corer.
When comparing depth distribution profiles between contrasting sites for in-situ gamma
spectroscopy, it is important to work in units of mass depth (g cm -2) as this enables soil
density and thus also water content to be taken into consideration. The mean
distribution of activity within the soil profile is described in terms of the mean mass
depth B. The amount of temporal and seasonal variation in water content is dependent
upon the moisture holding capacity of the soil, subsurface movement and evaporation
rates. For example, a peaty soil is likely to have very much larger variations in
moisture content than a loam, clay or sediment. Consequently, a greater temporal
variation in detector response is likely to occur over peaty terrain than denser clay rich
soils and sediments which have a smaller pore space capacity.
The photopeak/valley-step ratio provided a useful and robust spectral derived function
used to measure mean mass depth B. This had been verified initially through laboratory
based experimental modelling. The flexibility of the stripping coefficients for full
spectral stripping was also verified through experimental work for application to salt
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Figure 7.39 The GMX HPGe detector spectrum of 137Cs calibration sheet
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Figure 7.40 The GMX spectrum collected on the Kirkconnel salt marsh. The 137Cs
Peak/Valley-step ratio 	 103 and represents a mean mass depth of 7.33gcm-2.
marsh environments. These experiments demonstrated the problems of source burial,
either through increased air path length and/or through peat and/or water overburden.
This clearly showed how the 40K stripping ratios changed for 137Cs and 134Cs with source
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burial. This, coupled with changes in source geometry, is likely to explain the 134Cs
anomaly observed at the Raithbum Valley with in-situ and aerial survey measurements.
The salt marsh environment provided a useful area to determine the application of
NaI(T1) detectors to this problem because: a) there is a rapid change in sub-surface
maxima across the site with respect to the energy of the intertidal environment, b) the
contribution of ' 34Cs to the spectrum is small compared to 137Cs, thus minimising the
problems associated with spectral deconvolution of 'Cs, and c) as demonstrated in
chapter 6, the soil sampling errors are considerably smaller, making soil core
comparison with in-situ spectrometric measurement easier. The results proved highly
successful and the derived mean mass depth to valley-step relationship was used to
determine the mean mass depth from the other Caerlaverock sampling sites. These
measurements were then applied to determine calibration correction coefficients and
thus activity estimates were derived successfully across the salt marsh. These values
were highly compatible with soil sample derived estimates.
This experiment has provided the first successful application of spectral derived
calibration corrections for in-situ activity estimation within an environment of changing
13. However, application of this technique to terrestrial environments may be
complicated by enhanced concentrations of ' 34Cs with respect to 137Cs. This will require
careful deconvolution techniques.
The problem of spectral deconvolution is solved however by using high resolution
HPGe detectors such as n-type GMX or LOAX detectors. Figure 7.39 and 7.40
demonstrate two spectra collected by an n-type 50 % GMX HPGe detector from the
'37Cs sheet representing a surface source and a buried profile at Kirkconnel respectively.
The lack of spectral interferences allows the Compton edge, valley-step and photopeak
areas to be rapidly observed and calculated. No ambiguities from 'Cs interferences
exist and a relationship with terrestrial "exponential like" profiles may be readily
measured and determined. In addition, application of the photopeak/valley ratio may
provide a useful and rapid means of measuring changes in soil water content for a given
site.
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8. DISCUSSION AND CONCLUSIONS
8.1 SOME OF THE ENVIRONMENTAL INFLUENCES ON THE
MEASUREMENT OF RADIONUCLIDE INVENTORIES
One of the challenges which faces environmental and earth scientists is the collection
of spatially representative samples and the determination of the spatial distribution from
a series of spatially isolated measurements. This problem is partly overcome by using
in-situ and remote sensing measurement techniques which are less spatially restricted.
However, quantification and interpretation of these remotely sensed measurements are,
at best, often dependent upon estimates determined from other analytical techniques,
usually derived via soil sampling. Absolute quantification of these advanced remote
sensing techniques can be achieved through traceable ground sampling, the results from
which can in turn be put into a spatial context through comparison with remote sensing
data. There is, therefore, a mutual dependence between ground based monitoring and
remote sensing techniques. This work has examined these challenges in the context of
the measurement of both naturally occurring radionuclides (K, 151 208T1) and
anthropogenic radionuclides ( 137Cs and 134Cs). Through the direct comparison of the
results from the three techniques of soil sampling, in-situ and aerial gamma ray
spectrometry, the environmental factors, including spatial and vertical variability, which
influence the measurements by and comparison between these analytical techniques were
identified and quantified.
Each measurement technique has a number of advantages and disadvantages. For
example, whilst soil sampling enables radionuclide activities within samples to be
measured to high levels of precision and the chemical speciation and distribution within
the profile to be studied, its spatial representability is in doubt unless further time
consuming and therefore costly samples are taken with a view to estimating sampling
error and spatial dependence. In-situ gamma spectroscopy has the advantage of making
spatially averaged measurements which account for small scale variability and allow for
rapid and cheap estimates of soil activity concentrations. However, detailed knowledge
of the distribution of activity within the soil profile along with chemical speciation is
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lost, and this in turn may influence the validity of the calibration used with in-situ and
airborne detectors. In addition, field work accessibility, mobility and time constraints
may inhibit the spatial mapping capability of in-situ techniques. Aerial survey shares
the immediate advantages and disadvantages of in-situ gamma spectroscopy, but has the
very great benefit of rapid accessibility to all environments and can produce rapid
spatial representations of activity distributioil on scales dependent upon flying altitude,
integration time and flight line spacing. All three techniques provide complementary
information in the study of environmental radioactivity. Whilst offsetting the problems
of sampling error and spatial variability, aerial survey results can direct the more time
consuming field based soil sampling to areas of particular interest, and, in doing so,
help to verify the sensitivity estimates of in-situ and aerial survey measurements.
This thesis has examined and developed methods to quantify some of the main
influences which control the precision of activity estimation through soil sampling with
laboratory based gamma spectrometry, in-situ gamma spectrometry and airborne gamma
spectrometry. In particular, the methodologies developed have enabled effective
comparison between these techniques to be made, enhancing their compatibility and
effective use.
8.2 THE MAIN IMPLICATIONS AND CONTRIBUTIONS OF THIS THESIS
8.2.1 Radionuclide Distribution and Measurement
Having summarised the issues which confront the scientist making environmental
radioactivity estimates, the introductory cLlapters reviewed the factors which control the
distribution of radionuclides in the environment and the techniques and methods used
to measure environmental radioactivity. Chapter 3 described the principal methods and
tools used during this work, the calculation of the fields of view of in-situ and aerial
survey detectors, and demonstrated the dependence of the field of view on photon
energy, platform height and source burial. In addition, chapter 3 demonstrated that the
minimum detection limits (MDL) are controlled by the nature and levels of background
radioactivity.
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As might be expected from the discussion in these introductory chapters, the distribution
of radioactivity in the environment is highly heterogeneous which is likely to influence
the measurement of that distribution. However, little work had previously been carried
out on the quantification of spatial variability of radionuclides on both a micro and
macro scale. Hence, the influence of spatial variability on radionuclide estimation and
its influence on comparisons of the measurement techniques was not fully understood.
To establish the importance of the controls of spatial variability and other environmental
influences on the measurement of the distribution of radioactivity, an experiment was
designed to estimate the distribution of radioactivity across a tight geometry valley with
the three monitoring techniques.
8.2.2 Identification of Environmental Influences on Radioactivity Estimation
It was through the comparison of activity estimates derived from the three techniques
of soil sampling, in-situ and aerial gamma ray spectroscopy used to describe the activity
across a upland tight geometry valley (Raithburn Valley), that some of the
environmental factors acting on these estimates were identified. Although the results
from the three techniques showed a similar spatial distribution across the valley, the
final estimates were significantly influenced by differences in the sampling area of each
technique and by the underlying spatial distribution. This made direct comparison
between each technique difficult. For example, 'Cs estimates from soil samples
ranged from 2.3 kBq ITI-2 to 53 kBq re, whilst the aerial survey estimates ranged from
4 kBq rif2 to 12 kBq n12 . The distribution of the radionuclides within the valley bottom
and their spatial vertical and lateral variability, controlled by their long term chemical
and physical behaviour, is likely to have had an impact on the activity estimation
derived from each measurement technique and the comparisons made between them.
This was sufficient to inhibit the determination of the influence of the topographic shape
on the radiation field and thus on in-situ and aerial survey detector response.
The source burial effects observed across the valley, particularly in 4°K, led to
underestimation through soil sampling whilst overestimating activity through in-situ and
airborne techniques. Later experimental modelling verified that 4°K burial influences
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the residual counts observed in the 134Cs and 137Cs windows through increases in photon
scattering which are greater than those estimated for stripping coefficients. As
discussed in section 8.2.8, this is likely to significantly contribute to the 134Cs window
particularly when activity levels are low and close to the MDLs. In such circumstances,
particularly where the MDL is likely to change with each measurement across site, no
'34Cs activity estimate or distribution can be made. The change in topography from a
flat plane to a valley shape is likely to have had some additional influence on the
scattering characteristics of the radiation field.
The conclusions from these results have implications on radiological assessment.
Confidence in the representative nature of simple soil core derived estimates of the
distribution of radionuclides even over small areas was in doubt due to sample
representability and spatial variability. In-situ techniques clearly measure the photon
fluence which has direct radiological implications particularly in terms of gamma dose
and is directly related to the amount of activity in the ground. The same activity with
different source characteristics (source distribution or soil type) will lead to a different
photon fluence although the gamma dose implications from the new photon fluence are
still valid. However, conversion of the photon fluence rate (-ys- 1 m-2) in terms of
activity per unit area (Bq m-2) or activity per unit mass (Bq kg-') is restricted by
variations in soil type and source depth characteristics as well as minimum detection
limits and spectral processing parameters. Thus effective comparison between these
techniques is likely to be controlled by one or mcre of these variables.
8.2.3 Quantification of the Self Attenuation Characteristics of Soils
The observed density and compositional variation of soils across the Raithbum Valley
prompted an investigation into their self attenuation characteristics. Wet soil densities
ranged from about 400 kg In' to 2000 kg rir3 and from about 300 kg in-3 to 1600 kg in'
for dry ground soils. This variation potentially provided a considerable influence on
in-situ and laboratory based gamma spectroscopy. A series of laboratory based
experiments and calculations was devised to determine the importance of the influence
of density and soil composition on the self attenuation characteristics of a wide range
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of British Soil samples and Geostandard Reference Soils. This provided the first
comprehensive measurement of it and pm for a range of British and International soils.
Experimental observations showed that density dominated the self attenuation
characteristics of soils at energies of 662 keV (137Cs) and 1330 keV (60Co). The
influence in soil composition was observed with a coefficient of variation (CV) in pm
of only 8 % for the range of soils. At 59.6 keV (241Am) the influence of it, was more
pronounced with a CV of about 21 % illustrating a greater dependency upon the
composition of the soil and therefore its Z. These observations and the change in il,
with energy were verified by the calculation of p m with energy for a range of 27
possible soil compositions based upon 36 of the more abundant and potentially more
important elements for photon interaction in the soil. The CV of it, for energies above
200 keV was observed to be about 5 % which is equivalent to the error quoted by
Storm and Israel (1970) from which the elemental photon cross sections were
determined. However, when organic content and possible water content were included,
this CV increased to about 10 %, which is equivalent to the experimental results. At
energies below 200 keV, the observed CV of 15 % at 60 keV was considerably
increased if organic content was taken into account. It was concluded that soil
compositions used by Beck et al (1972) and Mudahar and Sahato (1988 a,b) and
subsequently by others in their calculations are useful only for energies above 200 keV.
These results have implications for:
a) Environmental gamma ray spectrometry and the representative sampling depth
required for effective comparison with in-situ gamma spectrometry. The
consequences of stratification of sources and variations in soil self attenuation
will also have considerable influences on photon fluence from the soil surface.
b) Laboratory based gamma spectroscopy and the effect of change in sample
composition and density on the absolute efficiency calibrations.
These implications are discussed in sections 8.2.4 and 8.2.5.
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8.2.4 Effective Soil Sampling Depth
For energies above 200 keV, A m is more dependent upon photon energy than sample
composition. Thus effective sampling depth, defined in chapter 5 depends upon photon
energy and soil density. For 137Cs, an average half depth of about 11 cm (possible
range of 22 cm to 6 cm) was determined, suggesting that the standard 30 cm soil core
was reasonably representative, particularly as most of the 137Cs inventory tends to be
concentrated in the upper 15 cm of the soil column. At most, 12% of the photon
fluence originating from a narrow activity layer buried below 30 cm, perhaps in salt
marsh environments, would reach the surface. This has implications not only for
relating photon fluence with in-situ detectors, but also for making radiological dose
assessments. For example, in their radiological assessment of the Solway intertidal
merse sediments, McKay et al (1991) sampled to about 15 cm depth which is likely to
lead to an underestimation of the radiological impact, given the typical source burial
characteristics. Samples should be cored to depths of about 30 cm (depending on
sediment density) when determining 'Cs contributions to dose.
Similarly, at the higher energies associated with the natural radionuclides, eg 1500 keV,
the half depth is of the order of about 15 cm (typical range of 29 cm to 8 cm). This
suggests that a representative sample should originate from a sampling depth of about
45 cm. This is particularly important when trying to correlate inventories quantified
in terms of activity per unit area (Bq re). However, if calibrated in terms of activity
per unit mass (Bq wetkg') and assuming a uniform distribution with depth, then any
sampling depth will provide an activity concentration estimate. If source burial occurs
as demonstrated in the Raithburn Valley, ie. typically up to 100 % of the activity
occurred below 30 cm, then as much as 35 % of the photon fluence may penetrate from
this depth (assuming soil density of about 0.6 g cm- 3). This results in underestimations
of the underlying geological activity concentrations whilst overestimating the activity
concentrations of the overlying soil/peat horizons, as experienced in the Raithburn
Valley.
At energies below 200 keV, such as for "Am, the problem of effective sampling depth
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in addition to density, is compounded by variations in soil composition. However,
experimental observations of A m from a range of Caerlaverock samples showed that,
given a dominant sediment composition, changes in A m across the site are controlled by
the proportions of organic matter to sediment content. This will have a direct influence
on soil density and thus may help simplify and aid the application and interpretation of
in-situ and aerial survey gamma spectrometry to the mapping of 241Am in salt marsh
environments.
8.2.5 Laboratory Based Gamma Spectrometry
The calculations and experimental observations indicated that the efficiency calibrations
of laboratory based semiconductor detectors are susceptible to change with sample
density and composition, particularly for the larger 150 cin 3 geometry containers used.
A set of hybrid soils, providing a density range from 0.5 to 1.5 g cm -3 , were spiked
with known amounts of mixed gamma solutions. Significant density corrections were
determined for the radionuclides of interest, with differences in efficiency calibration
ranging from 64 % for 'Am (59.6 keV), to 17 % for "Cs (662 keV) and 10% for
214Bi (@ 1765 keV) for the 150 cm' sample container on a coaxial Ge(Li) and HPGe
detector. The magnitude of the potential density correction was observed to decrease
with increased detector crystal size. With a 50% relative efficiency GMX HPGe crystal
the correction factors were reduced to 45 % for 241Am and 11 % for 'Cs. Similarly,
a reduction in sample size also to a 75 cm' container reduced the correction factor fom
60 % to 34 % for 241Am on the Ge(Li) detector. Further reduction in container size to
30 cm' (petri dish) with the larger detector crystal geometry (50% GMX detector)
resulted in negligible correction factors for both 241Am and 'Cs. Similar, but more
extensive geometrical observations were described through analytical solutions with
experimental observations by Galloway (1991b, 1993).
Experimental measurements of A and Am from the hybrid calibration soil set and
samples collected from Caerlaverock salt marsh were very similar, indicating that the
laboratory based self absorption calibration correction determined for 241Am is valid for
the Caerlaverock site. However, comparisons with IAEA reference materials suggested
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that simple density corrections derived from the hybrid soils for low energy photons
( < 200 keV) would not be valid for a wider range of soils and sediments. Thus
standard self absorption corrections, particularly for the larger sample containers, were
better based on estimates of A . This highlights the difficulties in determining certified
values for low energy photon emitting radionuclides for 241Am, through inter-laboratory
comparison with gamma spectrometric techniques. These difficulties are compounded
when each laboratory uses different calibration procedures and soil compositions, with
no account taken for the differences in self absorption. This also has implications for
210Pb dating, Anderson et al (1992) noted variations in 210Pb transmission through 20
g samples vary as much as 15 %, as a result of changes in Z. Hence, for accurate
210Pb dating, self absorption corrections are required.
Analysis of these results demonstrated the need for sample self absorption correction,
particularly if large container geometries are being used. In addition, efficiency
calibrations based on single standard density material, which remain common practice,
may lead to significant under or over estimations of sample activity concentration, not
only for low energy photon emitters but also for the higher energies, such as 137Cs.
Thus precision estimates on activity concentration determination quoted in the literature
are frequently misleading, particularly those quoted to single percent precision levels
with no apparent appreciation of the error attributed to efficiency calibration. Precision
estimates must include these contributions, giving errors of about 3 or 4 % for 137Cs.
The calibrations are traceable to IAEA and NBS standards.
8.2.6 Sampling and Sub-sampling Errors
Having analysed a sample, the representability, both from the whole sample and of the
whole sample from the environment, was quantified. The grinding and homogenisation
procedure adopted and developed during the course of this researxh provided laboratory
sub-sampling errors which were comparable to the analytical precision already
determined. Some improvement in sub-sampling error was observed with increased
container size as suggested from geochemical sampling theory (Ingamells et al 1974
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a,b). However, the exception to these observations was provided by 214Bi. Here the
scatter of a time series of activity estimates indicated a problem with container sealing,
inhibiting equilibration of 2113i with its parent 222Ril. The time required for the sample
to reach equilibration is dependent upon the 222Rn generation and leakage.
Sampling error was quantified by examining the influence of micro (1 to 2 m) scale
spatial variability upon activity estimation, as well as the change in spatial variability
with increased sample spacing. On the micro scale, sampling variations were observed
to be about 30 % for 137Cs using the 38 mm diameter Leonard and Fame11 corer in
Chernobyl contaminated soil. Some decrease was observed in this variation by
increasing sampling size to the 105 mm diameter corer but not on the magnitude
expected by geochemical sampling theory (Ingamells et al 1972 and Ingamells 1974
a,b). This is likely to be due to the non-normal distribution of the activity caused by
some spatial component in its distribution brought about by the depositional mechanisms
as well as the soil's own natural variability in clay and organic content. However, in
well mixed sedimentary deposits in salt marsh environments, a decrease in the sampling
error was observed from 10 % to 5 % for ' 37Cs from the 38 mm to the 105 mm corer
respectively.
8.2.7 Spatial Variability and Statistically Representative Sampling Plans
Spatial variability occurs on both the macro regional scale and the micro scale. The
airborne radiometric remote sensing technique spatially averages the small scale
variability within each field of view allowing the regional variability to be mapped.
Having established the influence of sampling eiror, the need to spatially relate spatially
isolated measurements (e.g. soil samples) with spatial extensive measurement (e.g.
aerial survey measurements) is compounded by the influence of spatial variability.
The initial solution of matching ground based data with aerial survey data was derived
by producing a sampling pattern which was constructed to spatially match the weighting
of an airborne detector at 100 m altitude. The sampling pattern was designed so that
the samples would not be unduly influenced by any potential spatial or linear feature
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running across the site and thus compromising the representative nature of the samples.
The sample inventories were then averaged to determine the mean activity concentration
and the CV used as an estimate of sampling error and site variability. Typical values
of between 20 and 30 % were observed. Given the inherent problem of sampling error,
spatial distribution was also only observed on a qualitative level from the data collected
for these simple centre weighted calibration sites.
The simple centre weighted calibration sites, although useful for calibration of fixed
height detectors and providing an estimate of spatial variability within the field of view
of a detector at 100 m height, were not capable of determining spatial variability
estimates for a range of detector altitudes. The expanding hexagonal sampling plan
with six samples collected at the corner of each shell, expanding out on a x2 or x4
scale, enabled spatial variability with sample spacing to be observed from a micro 2 m
to a macro 256 m scale. The contributions from each shell were weighted appropriately
to determine the activity observed by a detector at a range of altitudes from 1 m to
about 200 m. This also enabled the determination of spatially corrected height
correction coefficients.
Spatially weighted inventory estimates at aerial survey altitudes (100 m) from both salt
marsh and terrestrial sites typically had la errors again of between 20 and 30 %.
Taking the number of samples used in each shell into account, a standard error of about
10 % was calculated for calibration purposes. On salt marsh sites spatial variability fell
as the effective field of view of the detector was reduced and better levels of calibration
precision were determined due to smaller sample to sample activity variation. This was
not the case for terrestrial deposits of Chernobyl fallout at Longbridgemuir where
variability was observed to be similar on the micro sampling scales (2m scale) as upon
the macro sampling scale (128' m). Here a CV of between 20 and 30 % was again
observed at all sampling scales for 137Cs and 134Cs. It is interesting to note that this CV
of about 30% has been observed on all sampling scales ( <256 m) and on all sites
associated with weapons testing and Chernobyl fall out. Although this suggests that the
expanding hexagon requires an unnecessary amount of sampling effort in terrestrial
environments, its application does serve to verify the degree of spatial change in these
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environments so that detector height correction coefficients can be verified and
corrected for as appropriate. The application of the expanding hexagon has successfully
quantified variability with sample spacing and characterised spatial variability for
different depositional contexts.
8.2.8 Source Burial and Photon Fluence
Quantification of spatial variability and the confidence with which comparisons can be
made between soil sampling patterns and in-situ or aerial survey techniques have
enabled the influence of source burial on detector response to be investigated.
Following crude estimates of source burial determined from the 38 mm corer, the
adapted 105 mm golf hole corer enabled detailed source depth distributions to be
determined from single intact cores with minimal soil column smearing to depths of up
to 45 cm.
Photon fluence from a source distributed in soil is a function not only of source depth
(cm), but also soil density (g cm- 3) for energies above 200 keV whilst the influence of
soil composition for energies below 200 keV is a further complicating factor. Thus for
photon energies above 200 keV, depth distribution was described in terms of mass depth
(g cm-2). The source depth characteristics were quantified as the mean mass depth or
mass relaxation per unit area (B). B can be calculated from an assumed negative
exponential source distribution, where applicable, or from the integration of the mass
depth with activity concentration (Bq kg - '). The influence of water content on B was
discussed with some observations implying that the effect was more significant in
organic soils than in clay rich soils principally due to the smaller pore space capacity
of clay rich soils.
Following the observations of Zombori et al (1992) with a HPGe detector of the change
in forward scattering with the burial of a point source under water, a series of
experimental models was constructed with an extended layer 137Cs sheet source,
absorbers (1 cm thickness perspex sheets) and concrete calibration pads, to investigate
photon scattering characteristics. In particular, source burial characteristics were
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simulated for 137Cs with the NaI(T1) detector and a relationship between the full energy
photopeak/valley ratio (a function of forward scattering), and extended layer source
burial was determined. The experiments were also able to demonstrate the sensitivity
of B determination and its dependency not only upon source depth but also, importantly,
upon source profile shape. This demonstrated the problem of using a single quantitative
value such as B to describe source burial. However, given an environment where
source burial can be observed to change systematically, it was thought to be possible
to derive a calibration correction coefficient from pure spectral data. To achieve this,
full spectral stripping was needed and thus verification of the stripping coefficients was
required.
The concrete calibration pads and perspex sheets were used to model the change in the
stripping coefficients with source burial, representing either geological cover with low
activity peat and/or water. In addition Appendix J discusses the influence of air path
length on stripping ratios. Similar characteristics were observed in the change in
stripping coefficients for both in-situ and aerial survey detector geometries. The most
marked influence on the stripping coefficients for 137Cs and 134Cs was observed to be
from burial of 4°K. This confirms the observations made within the Raithburn Valley
and suggests that 134Cs determination, because of its low concentrations which were
close to and below the minimum limits of detection, is particularly sensitive to changes
in 4°K burial. Thus the suitability of a set of 4°K stripping coefficients may be corrupted
by source burial effects and other changes in the scattering environment resulting in
stripping residuals developing in the 134Cs window. The very low count rates of 134Cs
result in the residual contribution being highly significant, perhaps contributing as much
as 100 % of the counts in the 134Cs window when activities are at or below the
minimum detection limits, whilst contributing less than 7 % to the 137Cs window with
the Raithburn valley data set. Similar contributions are likely with the 16 litre NaI
aerial survey detector. U and Th stripping coefficients change less markedly with
burial and this was attributed to the attenuation of the lower energy full energy
photopeaks being compensated by the increased scattering from higher energy photons.
The small sampling errors observed at the Caerlaverock calibration site, combined with
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large changes in 131Cs source mass depth characteristics, provided a good site with
which to determine the potential of deriving B from spectral characteristics with a
NaI(T1) detector. Relatively uniform distributions of natural radionuclide concentrations
with depth enabled full spectral stripping with spectra derived from the concrete
calibration pads to be carried out on the spectra collected with the 3"x3" NaI(T1)
detector. These were then interrogated to determine the photopeak/valley ratio.
Although the scattering properties of the concrete pads are unlikely to be identical to
those observed in the salt marsh environment, any difference is likely to be systematic
and thus not obscure any relationship between B and photopeak/valley ratio. A good
correlation was determined from the sites of known B with photopeak/valley ratios, with
a similar relationship to that observed in the laboratory. From this data, the mean mass
depth of the rest of the Caerlaverock site was determined purely from spectral
information. The results clearly demonstrated that B increased towards the near shore
intertidal environment, as expected. Of major significance, however, was the
development of the spectrally derived calibration correction. Application of this
calibration correction to the remaining spectra collected at Caerlaverock provided the
first example of an applied spectrally derived calibration correction. The estimates
were compared with soil core derived inventories which provided positive evidence that
the calibration correction worked across Caerlaverock salt marsh.
8.3 SUMMARY
Through the direct comparison of activity estimation through soil sampling and
laboratory based analysis, in-situ and aerial gamma spectrometry, some of the major
controls on environmental radioactivity estimation have been identified and quantified.
As a result of this work, methodological recommendations have been made for the
measurement and reporting of environmental radioactivity estimates in addition to
making effective comparison between the measurement techniques of soil sampling with
laboratory based analysis, in-situ and aerial gamma spectrometry. A spectrally derived
calibration correction coefficient was developed to compensate for systematic changes
in source burial and was successfully applied. Having investigated the influence of both
spatial vertical and lateral variability on activity estimation, section 8.4 discusses further
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areas of research including the influence of temporal and dynamic variability on
environmental radioactivity estimation.
8.4 AREAS FOR FURTHER RESEARCH
Laboratory based work which may require further attention is the low energy self
absorption correction for laboratory based HPGe detectors for the detection of 210Pb
(46.52 keV), 234Th (63.28 keV) and 241Am (59.6 keV), particularly for large container
geometries commonly used by many environmental research laboratories. The
measurement of the forward scattering from these primary photo peaks may afford a
simple and effective method of determining the appropriate efficiency calibration for the
soil type. This may, however, be made difficult by the position of the back-scatter
peak, for example for a 60 keV photopeak the back-scatter peak is at about 48 keV.
At higher energies, the 137(7s forward scattering was observed to be considerable, and
a relationship between the photopeak/valley step ratio and density may be useful for the
direct determination of sample density and thus for an appropriate absolute efficiency
calibration determination. This would provide a significant development in the rapid
characterisation of such soil samples.
The incorporation of HPGe detectors into in-situ and aerial survey gamma ray
spectroscopy would provide a significant development in the determination of B without
the problems of spectral stripping for 137Cs, thus potentially providing real time
estimates of B. Observations within the laboratory and field have demonstrated the
degree of forward scattering observable from different buried source profiles in the
environment. Although lower efficiency detectors require longer counting times, a
problem for aerial survey purposes, this may be overcome by summing the responses
from arrays of HPGe detectors, even though this is likely to lead to some loss in
spectral resolution. In addition, the problems of stripping for radionuclides of low
concentrations from NaI(T1) spectra, may be overcome by simultaneous use of HPGe
detectors. This may require longer counting times for the HPGe detectors, and
although spatial resolution is lost in terms of both activity estimates and B, further
spectral detail will be provided which may aid the interrogation and stripping of the
272
large volume NaI(T1) detectors and thus potentially resolve the consequences of changes
in the scattering characteristics of the radiation field.
Flight trials undertaken in early 1993 have shown that preliminary estimates of B from
spectral information would be useful. Potential errors in platform height of the order
of 10 m would result in errors in the determination of B in the soil profile of the order
of 1 g cm-2 or less. Thus as detector response is less influenced by small changes in
detector height, this would enable significant advantages in calibration correction to be
realised. In addition, comparisons of aerial survey NaI(T1) spectra over salt marsh sites
with inland terrestrial sites show marked changes in the forward scattering components
of the spectrum. Thus it may be possible for crude calibration corrections to be
determined from unstripped aerial survey spectral data.
However, further investigation into source burial shape would also be required, as
detector response has been demonstrated in the laboratory to be dependent upon source
burial shape as well as mean mass depth. Thus source burial may be better described
by two or more shape or statistical parameters which might include B. Further
description of the source burial profile may be characterised from spectral properties
due to the predominance of different scattering characteristics. The transferability of
this technique of B determination between different salt marsh environments would also
require verification, although given its flexibility across a large site it is likely to
provide a useful tool. Application of this technique would provide a rapid means to
investigate and spatially map the source depth distribution across salt marsh
environments, establishing the long term dynamics and the sedimentary accretionary
characteristics of these merses as well as determining the long term behaviour of the
radionuclides and changes in gamma and beta dose rates.
Application of this technique to inland terrestrial sites would require further extensive
characterisation of spectral shape and source burial shape. However, mans influence
on the distribution of anthropogenic radionuclides through ploughing of soil also needs
to be investigated. The influence of ploughing on the vertical and lateral spatial
variability also has significant influence on radionuclide activity estimation through
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remote sensing.
Although much work has been undertaken on the influence and measurement of snow
and snow-water equivalent from in-situ and aerial survey techniques (e.g. Saito 1991
and Grasty et al 1979), little work has been undertaken on the influence of temporal
variations in soil moisture content with soil type. This would be of use to determine
the potential changes in B with soil type and thus the climatic and temporal dependence
of the in-situ and aerial survey calibration. Clearly organic rich bodies such as
monolithic peat would be capable of considerable changes in soil water content on a
seasonal basis and in response to precipitation events, particularly within the important
surface layers. This would therefore influence B significantly along with the observed
change in photon fluence observed in the detector response as shown at
Longbridgemuir. In contrast, higher density clay rich soils are likely to have a smaller
seasonal change in soil moisture content and subsequently smaller changes in B as
indicated by observations at SURRC. The measurement of forward scattering with soil
moisture content may provide an effective way of estimating soil moisture content and
movements within the soil/sediment water table.
Radon is an environmental factor which influences the determination of 21413i and thus
238U levels. Ambient radon levels can be monitored before, during and after surveys
by hovering above large areas of water. However, radon levels have climatical,
geological, pedological and topographical associations and thus should not be subtracted
using temporally and geographically isolated data. Correct ways of coping with 222RI1
must include the incorporation of on board radon monitoring equipment. This has been
demonstrated (e.g. IAEA 1991) by the incorporation of "upward" looking detectors.
These detectors are shielded from below by the "downward" looking detectors and thus
principally measure the activity associated with the air and cosmic ray interference.
This therefore also includes the 214Bi derived from radon. However, even this method
has to assume that there is the same amount of radon above the detector as there is
below. If this is the case, then subtraction of the 2113i channel of the upward looking
detectors from the downward looking detectors would provide the net 214Bi associated
with the underlying soil and geology. However, this is a loose assumption, as for
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example, in valleys atmospheric inversion is a common occurrence which may result
in more radon above the aircraft than below. Under normal conditions, 222Rn levels
may be expected to decrease with altitude. This problem, however, remains for in-situ
gamma spectroscopy. One possible solution with HPGe detector use could be to
monitor 226-r% ,tca a precursor of 222Rn, although it has a low photon yield requiring longer
counting times and there is also possible interference from 235U.
Following the Raithburn valley experiment, quantification of the observations thus far
made has required experimental work to be restricted to effectively flat planar surfaces.
The potential influence of the topography upon the radiation field and thus upoii the
detector response can be calculated. Small undulations within the radiation field have
been suggested, by Kogan et al (1971), to compensate for each other within the field
of view of the detector. However, as the solid angle 0 increases due to topographical
changes about the detector, then the response of the detector increases. This has been
described by Allyson (1994), Schwarz et al (1992) and Kogan et al (1971). However,
these effects have not been identified and quantified as yet through experimental work.
The effect of biomass within forest systems and particularly the attenuation effects of
the tree canopy provide an additional environmental factor to consider. There are likely
to be at least two possible factors applying, i) the effect of the attenuation by the
biomass on the underlying radioactivity, which is thought to be as much as 15 % (IAEA
1976), and ii) the effect of bringing the source closer to the aircraft through deposition
of radionuclides on leaves and uptake of radionuclides through the root system. Dose
effects from 137CS have been observed to be up to 1.4 times as much within forest
systems (Miller et al 1990) with in-situ spectrometric measurements. This was thought
to be due to radionuclides being concentrated higher up in the low density soil profile
within the forest litter. This is particularly important in areas of fresh deposition.
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8.5 FINAL CONCLUSIONS
Comparison between activity estimates derived from soil sampling with laboratory based
gamma ray spectrometry, in-situ gamma ray spectrometry and airborne gamma ray
spectrometry, has enabled the influence of spatial horizontal, vertical and compositional
characteristics of soils and radionuclide distributions on activity estimation to be
assessed. The methodologies developed during this work serve to aid the calibration
of environmental gamma ray spectrometry and, in particular, the verification and
interpretation of in-situ and aerial survey techniques. Each technique has its advantages
and disadvantages, including the rate at which activity estimates can be made.
This thesis has shown that the sampling area and volume, including that associated with
fields of view, coupled with the underlying change in activity distribution has a
significant influence on the estimation of activity levels and its spatial distribution. In
the pursuit of quality environmental activity estimates and effective comparisons
between the three techniques used, the following recommendations in particular have
been made:
1) The self absorption characteristics of soils should be accounted for in both: a) the
systematic correction for self absorption in laboratory based gamma spectrometry; and
b) the estimation of the effective soil sampling depth required for comparison with in-
situ gamma spectrometry.
2) Sub-sampling errors should be minimised by sample homogenisation and the use of
large sample containers.
3) Field sampling errors should be accounted for to determine the precision of activity
estimation. Field sampling errors are dependent upon sampling size, depositional mode
and the underlying environmental characteristics.
4) Spatial variability must be accounted for in relating spatially isolated with spatially
extensive estimates. Sampling plans are recommended to quantify spatial variability on
different sampling scales enabling effective comparison between soil sample estimates,
in-situ and airborne gamma spectrometry.
5) The vertical activity distribution and soil density have a significant influence on
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photon fluence. Careful comparison of activity profiles must take into consideration
soil/sediment density (as measured in the field). Quantification of source burial in
terms of B (g cn-12) provides a simple approach for profile comparison between sites.
6) Systematic changes in source burial can be accounted for directly from spectral
information, thus enabling the estimation of B and a calibration correction.
Methodologies for this approach have been developed, overcoming the principal
limitations of in-situ gamma spectrometry in salt marsh environments.
7) Future research is particularly recommended in the characterisation of source burial
shape from in-situ HPGe detectors, and its development for remote sensing applications.
The future of environmental gamma ray spectrometry is likely to lie with the
development of improved efficiency and reduced cost of HPGe detectors, particularly
as these avoid the disadvantages of spectral stripping for the primary photopeaks of
interest, and allow for a far greater range of radionuclides to be detected. In addition,
the interrogation of full spectra will lead to the characterisation of environmental factors
such as systematic change in source burial and to in-situ calibration corrections.
Many of the problems encountered in this field of research are common to other areas
of the environmental and geosciences, including sampling for trace element analysis,
and the determination of spatial and vertical distributions. Having attempted to quantify
small scale variability, ground samples are often best put into a spatial area and regional
context through either airborne or satellite based remote sensing systems with image
analysis. Ultimately, the cost effectiveness of many remote sensing techniques makes
them ideal for putting ground based data into a spatial and temporal context, minimizing
the time and expense devoted to the often more costly ground based sampling to that
required for calibration and directing further detailed investigations to areas of need.
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APPENDIX A: THE CALIBRATION OF AN IN-SITU 3"x3" NaI(T1) DETECTOR
The calibration curves for 131Cs and 134Cs in terms of activity per unit area (Bq m-2) are
shown in figures A.1 and A.2. Calibration for 4°K, 214Bi and 208T1 in terms of activity
per unit area (Bq m-2) and per unit mass (Bq kg- 1) are shown in figures A.3 to A.8.
The calibration coefficients are given in table A.1 and A.2.
Radiocaesium Calibration
a) Clay Rich Sites	 b) Organic Rich Sites
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Figure A.1 'Cs calibration curves for: a) clay rich soils; and b) organic rich soils.
Curves described in terms of mean mass depth (13) and soil type.
Figure A.1 , shows the calibration curves for 137Cs and is interpreted with points of
known mean mass depth (f). There are two dominant calibration trends, one associated
with organic rich sites and the second associated with higher density clay and loamy
soils. The two trends have been isolated and used to determine two sets of calibration
coefficients as given in both figure A.1 and table A.1. These calibration lines can be
interpreted in terms of B as determined from the samples collected at the SURRC site
and the Longbridgemuir site. The range in stripped count rate is significantly greater
at the Longbridgemuir site than at SURRC, indicating that photon fluence rate is more
sensitive to changes in water content in peaty sites.
The scatter of points for the peaty sites lie approximately between the two calibration
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Figure A.2 134Cs calibration curves for: a) clay rich soils; and b) organic rich soils.
Curves described in terms of mean mass depth (B) and soil type.
Primordial Radionuclide Calibration Results and Discussion
The discussion in chapter 7 included source distribution characteristics of the primordial
radionuclides. The geochemical and physical properties of the primordial radionuclides
are discussed in chapter 3 along with their characteristic environmental behaviour. In
salt marsh environments, clay, loamy and mineral rich soils, the vertical distribution
can be assumed to be constant with depth. However, in the more organically rich soils,
typically lower in density, the concentration of primordial radionuclides associated with
the underlying geology is found at the base of the soil profile. This has consequences
for both sampling of and measurement of primordial radionuclide concentrations
through environmental gamma ray spectrometry. As discussed in chapter 4 and 7, low
activity peat overburden is likely to provide a buried source profile for the natural
radionuclides. This is likely to lead to penetration of gamma photons from beneath the
standard 30 cm soil core depth, resulting in overestimation of the soil profile activity
and underestimation of the geological strata activity.
The Calibration for 4°K is shown in figures A.3 and A.4 for activity concentrations in
terms of Bq m-2 and Bq kg- 1
 respectively. The calibration coefficients (N/A) are given
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Figure A.4 4°K calibration in terms of activity per unit weight (Bq kg-1)
in table A.2. Figure A.3 shows a scatter of points below tlif• mean calibration line
associated with the lower density peaty soils, whilst the higher density soils tended to
concentrate on or above the calibration line. The calibration line shown is based upon
the higher density soils as there is an underestimation of 4°K through the lower density
(p) soil core derived activity, or overestimation through in-situ gamma spectrometry.
The mean calibration coefficient (N/A) for these soils as given in table A.2 corresponds
well with that derived from the analytical solutions of photon fluence equations for a
mean soil density of 1.5 g cm-2.
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Table A.2 The calibration coefficients for 4°K, 214Bi and 208T1 in terms of Bq m-2 and
Bq kg'. High p sites represent clay, loamy and sediment sites.
Calibration
Soils	 Coefficients
Used	 for Ax
40K
Bq ni2
highp 4907 + 37800 • N
All	 -4565 + 39000 - N
N/Ax
2.644x10'
2.564x10'
*Analytic. Solution
P
g cm-3 N/Ax
1 4.0x10-5
1.5 2.667x10-5
Bq	 kg-1
All	 38.4 + 88.8 • N 0.01126
0.012
21413i
Bq m'
highp -955 + 15180 • N 6.586x10"
1 6.00x10-5
1.5 4.00x105
Bq wake
highp	-1.65 + 38.9 • N 0.02573
0.018
2"T1
Bq m"
All	 -424 + 4040 • N 2.4745x10'
1 3.0x104
1.5 2.0x10'
Bq wetke
All	 0.178 + 8.71 - N 0.1148
0.09
The estimation of activity in terms of wet weight (Bq we1kg-1), automatically excludes
the density factor and a more flexible calibration coefficient is derived. This is
demonstrated in figure A.4 and in table A.2. The higher activity points fall into line
along the calibration curve. The subsequent scatter about the calibration curve must be
associated with sampling error and source burial. The calibration coefficient (N/A) in
terms of Bq wetIce corresponds well with that derived from photon fluence equations
(Allyson 1994) in table A.2. Thus the calibration in terms activity per unit wet weight,
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Figure A.6 214Bi Calibration in terms of activity per unit wet weight (Bq kg-1)
Figures A.5 and A.6 illustrate 214Bi calibration curves in terms of activity per unit area
(Bq m-2) and per unit wet weight (Bq kg-') respectively. The scatter of points about the
calibration regression is greater in figure A.5 for 2113i than was observed in figure A.3
for 4°K. There are two principle reasons for this:
1. Higher energy photons of 214Bi (1760 keV) penetrating from greater depths
in the soil profile. Given that the similar effect for 4°K was not so marked, it is
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likely that the second reason will account for the majority of this scatter.
2. 222Rn (radon), which forms an inert gas released through porous soil, with a
half life of 3.83 days, causes a higher detector response. Its decay products
become attached to air borne particles and include 214Bi.
Once 214Bi is airborne, the detection geometry is change considerably, completely
surrounding the detector in a 4r geometry. Thus the detection efficiency is increased
substantially and is particularly pronounced in the porous organic rich soils as was
observed at Lakin Farm on Arran (chapter 6). Thus the high density soils only were
used to determine the calibration coefficient (N/A,) (figure A.5). When comparing the
derived calibration coefficient with that derived from photon fluence equations, the
airborne radon component appears to increase the calibration coefficient (detection
efficiency) considerably from that otherwise expected (table A.2). This problem is seen
more clearly when source density and distribution is taken into consideration in figure
A.6, where the calibration is in terms of Bq "kg-l . Here, the airborne component is
still obvious even for the higher density soil sites. This has again resulted in a
calibration coefficient very different from that expected by calculation from photon
fluence equations. The negative intercept in A.6 is likely to be controlled by the
airborne radon component.
Another possible cause for this discrepancy is associated with laboratory analysis.
There are two potential ways of underestimating the 214Bi concentrations. The first may
be brought about by changes in the background level of 222Rn and thus 214Bi in the
detector counting room. However, the detectors were placed in a low background
environment and repeat background measurements showed negligible change in the
observed background. The second cause is the potential leak of 222Rn from the soil
sample and out of its container geometry. Although every effort is made to seal the
container, leakage of 222Rn cannot be excluded and thus true 2113i equilibration within
the sample may not be reached. However, quality assurance checks with international
standard reference materials and repeat bulk sample measurements have demonstrated
that estimated 214Bi activity is repeatedly achieved as illustrated in table 5.8 and figure
6.2, although the observed variance is greater than that observed with the other radionuclides.
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20811 calibration is shown in figures A.7 and A.8 in terms of Bq m-2 and Bq
respectively with the respective calibration coefficients listed in table A.2. All the
points are used to derive a calibration coefficient. However, there is evidence in figure
A.7 of a density effect on the potential calibration coefficient which is demonstrated by
the scatter of points associated with the higher activity sites. The domination of the
organic soils in which the soil core derived activities underestimate the activity observed
by the detector lead to a negative intercept activity and is expressed in terms of Bq
The overall calibration coefficient (N/Ax) is in good agreement with those derived by
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calculation (Allyson 1993) as demonstrated in table A.2, with the calibration coefficient
lying between those calculated for soils of density 1 g cm-3 and 1.5 g cm-3.
As with 4°K, taking density into account and deriving a calibration coefficient in terms
of activity per unit wet weight as illustrated in figure A.8 and table A.2, provides a
better and more flexible calibration coefficient which corresponds well with that
calculated. The organic rich soils now pull the intercept almost through zero,
suggesting that the negative intercept in figure A.7 is controlled by a density effect.
There are still a few high activity points which provide a scatter about the calibration
curve. This scatter must be attributed to sampling error or source burial.
Conclusions
1) For 137Cs and 134Cs calibration, the coefficients are highly dependent upon source
burial in terms of mean mass depth 13 (g cm'). Sampling error accounts for a
considerable amount of the scatter about each calibration curve although variations in
source burial characteristics, which may also be attributed to water content and overall
soil density, must also contribute to this scatter. Two distinct trends in the calibration
coefficients have been observed, although in reality there is likely to be a complete
range in calibration curves associated with source burial in different soil types and age
of deposits.
2) The calibration of the primordial radionuclides is observed to be very much more
flexible in terms of activity per unit wet mass (Bq w e1kg-1). Calibration in terms of Bq
m-2 is controlled by soil density. Sampling in low density soils underlain by hard rock
provides difficulty in obtaining representative samples. 222Rn remains problematic in
the calibration of in-situ detectors.
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APPENDIX B: AERIAL SURVEY DETECTOR CALIBRATION
Table B.1 Calibration Factors (N/Ax) for 'Cs and '34Cs at 100 m altitude.
*Analytical solution to photon fluence equations (Allyson 1994).
Sampling	 Mean Mass
Site	 Depth B
g cm-2
137Cs
N at
100 m ± a
N/A„
cps/kBqn12
Terrestrial Sites
Circular Calibration Sites
Myres Hill 68.3 ± 2.6 9.59 ± 0.60
Leana Hill 24.3 ± 1.6 8.63 ± 0.78
Lakin Farm 24.7 ± 1.6 6.87 + 0.65
Raithburn 48.2 ± 2.2 10.5 ± 0.78
Mean ± a 8.90 ± 1.34
Expanding Hexagonal Plan
Longbridgemuir
	 3.6 65.0 ± 2.4 6.75 ± 0.67
* Analytical Solutions for 'Cs
2 8.0
5 6.2
Salt Marsh Sites
Expanding Hexagonal Plan
Caerlaverock	
.--,13 202 ± 4.5 2.71 + 0.40
Warton Bank	 >14 433 ± 6.6 1.79 + 0.32
Wigtown Bay	
.=--- 13 458 ± 6.8 2.88 ± 0.42
'Cs
Terrestrial Sites
Circular Calibration Sites
Myres Hill 8.20 ± 2.86 10.2 ± 3.6
Raithburn 5.75 ± 2.40 14.4 ± 5.1
The calibration coefficients for 137Cs are dependent upon source profile. The scatter of
points from the Ayrshire sites (Myres Hill, Leana Hill, Lakin Farm and Raithburn,
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sampled in 1990) are greater than the estimated standard error of the mean for each
locality. This suggests that variations in source burial is likely to be controlling the
underlying variation in N/A, between each site. The calibration coefficients determined
experimentally for these sites agree with those determined through analytical solutions
(Allyson 1994) of a mean mass depth of about 2 g cm -2 . The Longbridgemuir site
sampled three years later has a significantly lower calibration coefficient with a B of 3.6
g cm-2 , and similar to that observed at Lakin Farm. This is consistent with (N/A)
determined through photon fluence equations.
The calibration coefficients for the salt marsh site are significantly lower than those
determined for terrestrial sites. It is interesting to note that the calibrations determined
for the Solway sites (Caerlaverock and Wigtown Bay) are in agreement both in terms
of mean mass depth and (N/A). The Warton Bank site, with a potentially higher mean
B has a significantly lower (N/A).
The calibrations for the natural radionuclides are given in table B.2. As a consequence
of the observations made in appendix A, the calibrations are given in terms of Bq m-2
and Bq kg- 1 . As table B.2 shows, there is a greater variation in the calibration
coefficients for Bq 111-2 than Bq kg-'. As with Appendix A, this can be explained by the
influence of soil density, as the comparison with analytical solutions (Allyson 1994)
shows. The N/A, values for Lakin Farm tend to be slightly higher than those for the
salt marsh environments. This can be explained by source burial by low activity soils
at the Lakin Farm site. There is, however, a considerable problem with 2113i
calibration brought about by the atmospheric 222Rn.
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Table 11.2 Calibration Factors (N/A) for 4°K, 214Bi and 208T1 at 100 m altitude.
*Analytical solutions (Allyson 1994).
Sampling Soil N at N/Ax N/Ax
Site Density
g cm-3
100 m liBq nit-2 Bq kg'
40K
Lakin Farm 0.8 31.0±1.76 0.875±0.174 0.146±0.029
Caerlaverock 1.5 42.3 ± 2. 05 0.313 ± 0 .017 0.126 ± 0 .007
Wigtown 1.5 47.9±2.18 0.289±0.016 0.131±0.007
Analytical Solutions*
0.19
0.6 1.07
0.8 0.80
1.0 0.633
1.6 0.40
214B i
Lakin Farm 0.8 2.95±0.54 3.80 ±1.02 0.516±0.253
Caerlaverock 1.5 5.88±0.77 7.58 ±3.00 1.03 +0.407
Wigtown 1.5 33.1±1.80 0.284±0.12 0.132±0.056
Analytical Solutions*
0.32
0.6 1.92
0.8 1.267
1.0 1.067
1.6 0.667
208T1
Lakin Farm 0.8 5.42±0.23 14.68±3.31 2.61±0.59
Caerlaverock 1.5 6.32±0.50 3.616±0.346 1.37±0.13
Wigtown 1.5 11.5±1.07 3.705±0.355 1.70±0.16
Analytical Solutions*
2.1
0.6 11.667
0.8 8.667
1.0 7.00
1.6 4.667
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APPENDIX F OBSERVATIONS ON THE TEMPERAL CHANGE IN
DETECTOR RESPONSE WITH SOIL WATER CONTENT
January	 May	 June
	 July
Date / 1991
Figure F.1. The variation in detector response for 137CS at SURRC (loamy soil) with
rainfall and temperature. Mean detector response is 9.1 ± 0.8 cps (9 %).
Figure F.2 The variation in detector response for 4°K at SURRC (loamy soil) with
rainfall and temperature. Mean detector response = 4.8 ± 0.23 (5 %).
The mean observations of the months indicated in figures F.1 and F.2, are 9.1 cps ±
9% (1 a) for ' 37Cs and 4.8 cps + 5% (1 a) for 4°K. The error on any one reading was
determined by up to 8 consecutive observations by replacing the detector in
approximately the same position. Such repeat observations provided an error estimate
of ± 5% for 137Cs and ± 3.5 % for 4°K. Thus the error over the year associated with
February
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soil moisture changes is significant.
However, only extreme variations in climatic conditions provided the significant
changes in detector response. On 8 th February (1991) a measurement was made over
2-3 cm of snow cover resulting in a more significant reduction in count rate for 137Cs
(7.62 cps) than for 4°K (4.52 cps). On the 1 St July a measurement made during heavy
rainfall resulted in a drop in the detector response to 7.68 cps and 4.28 cps
respectively. A repeat measurement on the following day revealed a return to
normality, as a result of rapid evaporation of soil moisture in the warmer summer
conditions.
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APPENDIX G. INSTALLATION OF THE CONCRETE CALIBRATION PADS.
Four "portable" concrete calibration pads were purchased from the Canadian Geological
Survey. The four blocks were constructed from low activity concrete, of which three
had been doped and sealed with equilibrated 238U, 232Th and 'K.
Table G.1. Summary statistics of Pre-installation background checks.
PAD 1 Ch.1	 Ch.2	 Ch.3	 Ch.4	 Ch.5	 Ch.6
Mean Value: 16.37	 8.48	 10.01	 1.71	 1.05	 60.71
Standard Deviation: 0.09	 0.05	 0.08	 0.03	 0.03	 0.28
Standard Error: 0.03	 0.02	 0.03	 0.01	 0.01	 0.10
PAD 2
Mean Value: 16.09	 8.29	 9.69	 1.74	 1.00	 59.41
Standard Deviation: 0.14	 0.15	 0.18	 0.05	 0.02	 0.26
Standard Error: 0.05	 0.05	 0.06	 0.02	 0.01	 0.09
PAD 3
Mean Value: 16.19	 8.28	 9.78	 1.70	 1.02	 59.64
Standard Deviation: 0.08	 0.09	 0.06	 0.03	 0.03	 0.09
Standard Error: 0.03	 0.03	 0.02	 0.01	 0.01	 0.03
PAD 4
Mean Value: 16.28	 8.40	 9.81	 1.72	 1.03	 60.22
Standard Deviation: 0.15	 0.09	 0.10	 0.04	 0.04	 0.32
Standard Error: 0.05	 0.03	 0.04	 0.01	 0.01	 0.11
A dry, uniformly low activity environment was found for the pads. Five calibration
bays were constructed with 2 m x 0.5 m x 0.5 m low activity concrete plinths as shown
in figure G.1. The activity within each bay was assessed for the regions of interest
(described in section 2.5) with the portable 3" x 3" NaI(T1) detector. Eight spectral
measurements were made within each bay and a small variation of 6 % (1 a) for
channel 1 (137Cs window) was observed between the bays. Each plinth was then
measured and appropriate plinths were exchanged to equalise the background within
each bay. This was then verified by repeat measurements. The background block was
then placed into each bay and eight further readings were made in each position, the
results are given in table G.1.
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Table G.2 The final readings from each calibration pad after installation
PAD 1: Background
Mean Value:
Standard Deviation:
Standard Error:
PAD 2: K
Mean Value:
Standard Deviation:
Standard Error:
PAD 3: Th
Mean Value:
Standard Deviation:
Standard Error:
PAD 4: U
Mean Value:
Standard Deviation:
Standard Error:
Ch.1
16.37
0.09
0.03
33.10
0.16
0.07
93.07
0.35
0.14
98.54
0.36
0.15
Ch.2 Ch.3
8.48 10.01
	
0.05	 0.08
	
0.02	 0.03
23.10 33.04
	
0.15	 0.41
	
0.07	 0.18
25.88 25.62
	
0.26	 0.17
	
0.11	 0.07
44.31 29.76
	
0.22	 0.42
	
0.09	 0.17
Ch.4 Ch.5 Ch.6
1.71 1.05 60.71
0.03 0.03 0.28
0.01 0.01 0.10
1.48 0.88 141.23
0.07 0.03 0.76
0.03 0.01 0.34
14.79 18.50 328.72
0.16 0.23 0.93
0.06 0.09 0.38
18.57 2.02 295.06
	
0.25	 0.03 0.92
	
0.10	 0.01 0.38
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Figure G.1 The five concrete bays for the calibration pads including four concrete
lmxlm calibration pads and 1 137Cs lmxlm sheet.
The uranium pad was then placed into each bay and raised so that the top of each pad
was almost level with the top of the surrounding plinth. From each pad position,
measurements were made in the other three positions to check for cross talk. Cross talk
was found to be negligible even for a detector raised 20 cm above the surface of the
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adjacent pads. The pads were then finally placed into their positions as shown in figure
G.1. The readings collected in the final positions are given in table G.2.
The use of the plinths to separate the calibration pads is likely to make some
contribution to the overall scattering associated with each position.
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APPENDIX H. THE CONSTRUCTION OF AN EXTENDED LAYER 137Cs
CALIBRATION SHEET
The 137Cs sheet was constructed from a1mx1mx 0.009 m plywood sheet. The sheet
was divided into four 0.5 m x 0.5 m sheets and painted with a white water based
emulsion. A known quantity 300 g) of the white paint was then taken and weighed
accurately. A known quantity of 137Cs with carrier solution was then pipetted into the
paint. 45.3 kBq of 137Cs was added and the paint was homogenised by tumbling for
several hours.
A dry weighed paintbrush was then used to carefully paint one surface of each of the
four sheets as uniformly as possible. Every attempt was made to paint uniformly across
the surface of each sheet. The painting continued until all the paint was used. The
paint brush and empty container were then weighed to account for unused paint, thus
estimating the amount of paint and activity transferred to the plywood sheets. The
sheets were then allowed to dry.
Having dried, the sheets were then
painted with a tough red vinyl gloss paint
to seal in the spiked emulsion paint. A
coloured vinyl paint was chosen so that if
the sheets should become damaged or
scratched any exposure of the white
spiked paint would immediately be seen.
Following two coats of the red gloss
paint, a coat of polyurethane boat varnish
was used for final protection. The edges
of the sheets were also protected by
aluminium strips.
20
Mean	 24,99 cps
18 Statistical Counting Error = 0.45 cps
16 St. Dev.	 1.56 cps
St. Error = 0.20 cps
14
12
10
LA_ 8
6
4
2
r--
21 22 23 24 25 26 27 28 29 30
Counts per Second
Figure H.1 Histogram illustrating the
uniformity of 137Cs activity concentration
across the 1 m2 pad
Prior to the construction of the final calibration sheet a test piece was made in exactly
the same way. After each stage had dried, several wet swabs were made of the surface
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of the sheet to determine the ease of 137Cs removal. Removal of 137Cs paint was
possible until the gloss sealant was applied.
Uniformity of activity across the sheet was checked by collimating the 3" x 3" NaI(T1)
detector and recording regions of interest data for 137Cs. 16 measurements were made
with regular spacings across each board totalling 64 measurements. The results are
shown in figure H.1.
The total 137Cs activity applied was 40.67 kBq + 4 % for the 1 m square area (1st
August, 1992). The weight of the board is 5000 g, the activity per gram is 8 Bq/g.
This is well below the minimum activity of 100 Bq g- 1 defined by the NRPB as
radioactive material.
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APPENDIX I. CHOICE OF ABSORBER MATERIALS
The mass attenuation coefficients of readily bought material could be calculated from
their known compositions. Materials were chosen to mimic as closely as possible the
mass attenuation coefficients (N) of Beck's soil (Beck et al 1972), peat, water and air.
Plaster Board: pure gypsum. The purity of the gypsum varies according to geological
origin, but in its purest form is Ca SO 4 21120
Purity is quickly determined by the whiteness of the gypsum. Calculation suggests that
up to 20 % impurities can be tolerated without a significant change in A m. The
Geostandard News Letter provides more complex chemical compositions for gypsum
with varying degrees of purity. Typical gypsum composition is: S = 18.62 % Ca =
23.38% 0 = 37.18 % 1120 = 20.94 %
Wood: Although varying in density, wood is composed of 50 % Cellulose and a little
less than 50 % Lignin. As these are the predominant components, the chemical
composition will be based on these. Cellulose - C6 H10 05 , Lignin - C20 H20 05
Mean composition is approximated by C26 H30 Om, C = 62.14 % H = 6.02 % 0 =
31.84 % (N = 3% est)
Plastics:
Polythene - polyethylene: (C2 H4)n
C = 85.65 % H = 14.37 %
Polystyrene - (C8 148)n
C = 92.3 % 11 = 7.7 %
Perspex - Polymethylmethacrylate: (C4 116 02)n
C = 55.8 % H = 7.03 % 0 = 37.17 %
Polypropylene - (C3 H6)„
C = 85.62 % H = 14.38 %
The relationship between these absorber materials with Beck's soil composition, peat,
air and water are shown in figures 1.1 to 1.4 respectively. The graphs show that above
150 keV, gypsum most closely reflects the mass attenuation coefficients represented by
Beck's soil, followed by wood and perspex (figure I.1). Peat is most closely
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—
Polystyrene
—
Polypropylene
—
Perspex
1.15
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Figure 1.1 Mass attenuation coefficients of absorber material relative to Beck's soil
Energy keV
Figure 1.2 Mass attenuation coefficients of absorber material relative to Peat
represented by wood and perspex (figure 1.2). For air, gypsum displays cons1-1-:rable
variation across the energy range. Wood and perspex most closely mimic air (figure
1.3). Polypropylene most closely reflects the mass attenuation coefficient of water
followed by polystyrene and perspex.
From these observations perspex was chosen as the attenuating media as it most closely
reflects the mass attenuation coefficients of peat, water and air for energies above 150
keV. The error on these results is dominated by an approximate 5 % error from the
original nuclear data tables. Although cheaper, wood was not chosen because
319
1.15
1.10
— Air
— Wood
— Gypsum
Polythene
— Polystyrene
— Polypropylene
— Perspex
0.95
0.90
10	 100	 1000
	
10000
1.00
— Water
— Wood
— Gypsum
Polythene
— Polystyrene
— Polypropylene
— Perspex
1.10
1.05
1.00
0.95
0.90
0.85
Energy keV
Figure 1.3 Mass attenuation coefficients of absorber material relative to Air
10	 100	 1000
	
10000
Energy keV
Figure 1.4 Mass attenuation coefficients of absorber material relative to Water
chemically it was difficult to define the added contributions of glues and resins
associated with plywood. For investigations below 150 keV, a hybrid of different
attenuating media such as perspex and gypsum may be used to reflect environmental
media.
Twenty 1 m x lm x 0.01 m thick perspex sheets were constructed and used in the
experiments discussed in chapter 7.
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Constant h
Variable thickness
Background / U / Th / K
Pads
APPENDIX J. CHANGES IN STRIPPING COEFFICIENTS WITH INCREASE
IN AIR PATH LENGTH
0 to 20 Perspex sheets
16 litre Nal(TI)
Aerial Survey Detector
Figure J.1 The experimental set up to measure the change in stripping coefficient
with detector height
The 16 litre NaI(T1) aerial survey detector was used and supported at a permanent
height of 30 cm as indicated in figure J.1. The experimental procedure followed that
of experiment (i), although all 20 of the perspex sheets were adaed individually. Each
sheet was calculated to represent approximately 9.6 m of atmosphere.
The height of the detector was kept constant to facilitate easier access and removal of
the perspex sheets. Twenty sheets of perspex were placed upon each calibration pad and
the minimum counting time was calculated from the appropriate window to obtain 1 %
counting statistics. The 4°K window was chosen from the background pad. After each
spectrum was recorded, one sheet was removed from the pad and another spectrum was
collected.
The spectra were then converted to counts per second for each channel. For each
active pad and sheets, the appropriate background spectrum was subtracted. The
spectral contributions to each window from the source were calculated relative to the
principal window used to measure the activity of the source, thus giving the stripping
coefficients. The change in stripping coefficients with attenuating sheets, and hence the
simulation of change in air path-length could be observed.
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Figure J.2. The stripping coefficients associated with the 2381J decay series with
perspex absorber sheets.
Number of Sheets
Figure J.3. The stripping coefficients associated with the 232Th decay series with
perspex absorber sheets.
Figures J.2 and J.4 show the change in stripping coefficients with the number of
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Figure J.4. The stripping coefficients associated with 4°K and perspex absorber
sheets.
attenuating sheets for the U, Th and K pads respectively. There is no marked change
in stripping coefficients with the number of perspex sheets for the U and Th pads
(figures J.2 and J.3). As with the 3" x 3" NaI(T1) detector, figure J.4 shows that the
4°K contribution to the 137Cs and 134Cs windows underwent a considerable change with
the number of absorber sheets. Thus the contribution to the 137Cs window from 4°K
was vulnerable to changes in detector height. 4°K stripping coefficients determined at
ground level are not applicable to aerial survey altitudes.
Given the dominant aerial survey altitude during the survey, the appropriate set of
stripping coefficients can be chosen. For example, for a mean height of 80 m, the
stripping coefficients are determined from 8 perspex sheets. This set of experiments
is less affected by the fact that the source is a finite plane. As discussed in chapter 3,
the solid angle subtended by the detectors at aerial survey altitudes is smaller than that
observed at ground level, suggesting that these stripping coefficients would be more
representative.
323
